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1 - INTRODUCT 
1 e 1 OBJECTIVE 
The cont rac t  program had as i t s  ob jec t i ve  the determinat ion and p e r f e c t i o n  
o f  the areas i n  which i n f ra red  evaluat ion i s  t e c h n i c a l l y  sound and e f f i c i e n t  
f o r  q u a l i f i c a t i o n  eva lua t ion  and f a i l u r e  ana lys is  o f  semiconductor devices. 
Consistent w i t h  the  spat ia  resolut ion,  temperature s e n s i t i v i t y ,  and scanning 
rates o f  c u r r e n t l y  ava i l ab  e i n f ra red  instrumentation, the program ob jec t ives  
were met. 
1.2 APPROACH 
To meet the cont rac t  ob jec t  
tasks: 
1 .  Informat ion Study 
2. Instrumentat ion Evaluat ion 
3 .  In f ra red  Man i fes ta t ion  
4. Generation o f  i n f ra red  Qua 
5. Generation o f  In f ra red  Fai 
ves, the program was d iv ided 
and Descr ip t ion 
i f  i c a t  ion Procedures 
ure Ana 1 ys i s Procedures 
n t o  s i x  
6. F e a s i b i l i t y  Study, 100% Inf rared Screening o f  M i c r o c i r c u i t s  
1.3 ORGAN lZAT ION OF REPORT 
Sections I 1  through V I 1  present the  technica l  d iscuss ion o f  each o f  the 
above tasks. Sect ion V I  I I presents the  conclusions reached as a r e s u l t  o f  
the ef forhs expended dur ing  the course o f  t h i s  contract ,  and gives 
recommendations f o r  courses o f  f u t u r e  act ion.  
1 . 1  
1.4 SUMMARY 
Based on work performed under t h i s  contract ,  and in format ion der ived 
from I'in-house'' s tud ies and evaluations, techniques f o r  p rov id ing  i n f ra red  
data fo r  use n the  q u a l i f i c a t i o n  evaluat ion and f a i l u r e  ana lys is  o f  semi- 
conductor dev ces were developed. . These in f ra red  techniques are general l y  
app l icab le  t o  a l l  types of semiconductor devices, and a re  p a r t i c u l a r l y  
e f f e c t i v e  i n  the determinat ion of: 
a. Poor chip-to-header bonds 
b. 
c. Areas o f  abnormal l oca l i zed  heat ing because o f  poor d i e  layout o r  
Areas o f  h igh  cur ren t  dens i t i es  i n  me ta l i za t i on  pa t te rns  
processing defects o r  second breakdown. 
To t h e  ex ten t  t h a t  semiconductor defects manifest  themselves i n  l oca l i zed  
regions o f  h igh  operat ing temperature, i n f ra red  evaluat ion techniques a re  
e f f e c t i v e  and economical i n  the  f a i l u r e  ana lys is  o f  semiconductor devices. 
In f ra red  temperature determinat ions made o f  a new semiconductor design are 
a l s o  an e f f e c t i v e  and an economical procedure f o r  the q u a l i f i c a t i o n  o f  the  
new design. If the  temperature determinations ind ica te  l oca l i zed  hot spots 
(which represent re1 i a b i  1 i t y  hazards) the design would no t  be qual i f  ied. 
1.2 
I I - I NFORMAT I ON STUDY 
2.1 INTRODUCTION 
The purpose o f  the informat ion study was t o  co l l ec t ,  analyze, and evaluate 
e x i s t i n g  data concerning i n f ra red  evaluat ion techniques so t h a t  a d e t a i l e d  
p lan f o r  t he  evaluat ion o f  m i c r o c i r c u i t  devices could be determined. 
Therefore, t he  i n i t i a l  e f f o r t s  appl ied t o  the contract  were d i rec ted  
toward the  a c q u i s i t i o n  and review o f  l i t e r a t u r e  p e r t i n e n t  t o  i n f r a r e d  evalu- 
a t i o n  techniques. A f t e r  t he  i n i t i a l  review o f  l i t e r a t u r e ,  f o r  the generation 
o f  a d e t a i l e d  p lan  f o r  t he  i n f r a r e d  evaluat ion o f  microc i rcu i ts ,  a d d i t i o n a l  
1 i t e r a t u r e  was reviewed as it became ava i l ab le .  The 1 i terature,  concerning 
the  r e s u l t s  o f  i n f r a r e d  evaluat ions re la ted  t o  thermal e f f e c t s  and measure- 
ment techniques,.which we reviewed as p a r t  o f  our e f f o r t  on t h i s  con t rac t  i s  
summarized on the f o l l o w i n g  pages. 
Some o f  the l i t e r a t u r e  reviewed was not  s p e c i f i c a l l y  d i r e c t e d  a t  t he  
evaluat ion o f  semiconductor devices, however, w i t h  instrumentat ion o f  
s u i t a b l e  s p a t i a l  and temperature resolut ions,  the techniques employed in 
other areas can 
devices. As an 
another purpose 
be u t i 1  ized t o  detect  s i m i l a r  defects i n  semiconductor 
example o f  t he  manner i n  which a technique developed f o r  
can be employed f o r  the evaluat ion o f  semiconductor devices, 
consider the  technique u t i l i z e d  t o  determine the  l o c a t i o n  o f  regions o f  
unbonded mater ia ls  i n  a laminated metal sandwich. The procedure i s  t o  pump 
heat through the one s ide  o f  the sandwich and observe the thermal pat terns 
obtained on the  opposi te s i d e o  The temperatures measured in the areas of 
delamination are no t  as h igh  as those observed i n  areas where the  sandwich 
i s  p roper l y  bonded because heat t r a n s f e r  through the delaminated regions i s  
2.1 
poor. The same procedure has been demonstrated to 'be  e f f e c t i v e  i n  determining 
the l oca t i on  o f  voids i n  the  chip-to-header bonds o f  semiconductor devices. i t  
was our so le purpose, therefore, i n  reviewing t h i s  type o f  mater ia l ,  t o  
determine 
be e f f e c t  
2.2 DATA 
The 
in f ra red  techniques which,. regardless of t h e i r  i n i t i a l  intent,  can 
v e l y  app l ied  t o  the  evaluat ion o f  semiconductor devices. 
DERIVED FROM LITERATURE SEARCH 
nformat ion obtained from the 1 i t e r a t u r e  search e i t h e r  confirmed 
observations made dur ing our ''in-house'' i n f ra red  evaluat ion 
o f  semiconductor devices, o r  re in fo rced hypotheses concerning the u t i l i z a t i o n  
o f  i n f ra red  techniques f o r  the  detect  ion o f  p o t e n t i a l  re1 i a b i  1 i t y  hazards. 
The reported data ind icated t h a t  i n f ra red  techniques have been e f f e c t i v e  i n  
detect  ing: 
a. Voids i n  the  bonding mater ia l  used t o  atbach the semiconductor c h i p  
The in f ra red  mani festat ion o f  t h i s  type t o  a package o r  substrate.  
o f  de fec t  i s  an area o f  higher than normal temperature over the  
vo id  when the  device i s  subjected t o  operat ing condit ions, and a 
lower than normal temperature over the vo id when heat i s  pumped 
through the  bottom o f  t he  device. 
b. Regions o f  higher than normal cur ren t  dens i t ies .  This  type of 
de fec t  e x h i b i t s  i t s e l f  as loca l i zed  heat ing i n  the  area o f  the 
h igh  cur ren t  densi ty .  High cur ren t  dens i t i es  can be caused by 
abrupt c o n s t r i c t i o n s  i n  conductive or r e s i s t i v e  paths, cur ren t  
crowding a t  sharp angle po in ts  i n  conductive or r e s i s t i v e  paths, 
o r  by shor ts  through r e s i s t i v e  o r  nonconductive mater ia ls  which 
cause an increase i n  the  amount of cur ren t  normal ly conducted. 
2.2 
c c  Improper operat ion o f  d i s c r e t e  component c i r c u i t s  or  hybr id  micro- 
c i r c u i t s  caused by changes i n  the i nd i v idua l  components o f  the  
assembly. 
compare the  temperatures measured on the de fec t ive  device t o  those 
measured on corresponding po in ts  on a device known t o  be good. 
d i f ferences w i l l  be observed i n  the operat ing temperatures of 
corresponding po in ts  on the good and bad devices. 
o f  th is.was demonstrated on ly  f o r  hybr id  m i c r o c i r c u i t s  o r  d i s c r e t e  
component c i r c u i t s ,  however, the r e s u l t s  indicated t h a t  i f  the 
i n f ra red  de tec t ion  equipment has s u f f i c i e n t  resolut ion,  temperature 
s e n s i t i v i t y ,  and speed, the technique could be e f f e c t i v e  i n  the  
evaluat ion o f  mono l i th ic  s i l i c o n  m ic roc i r cu i t s .  
The technique u t i l i z e d  f o r  t h i s  type o f  ana lys is  i s  t o  
The e f fec t i veness  
d e  Poor w i re  bonds by observat ion o f  t he  temperature d i f f e rence  between 
the  subst rate and the  bonded wire. Poor bonds e x h i b i t  greater  
AT values than good bonds, and the AT has been cor re la ted  w i t h  bond 
strength.  
e. Delamination o f  cur ren t  conducting meta l i za t ions  on p r i n t e d  c i r c u i t  
boards. The delaminated sec t ion  runs a t  h igher temperatures when 
the  s t r i p e  i s  conducting cur ren t  because o f  the  separat ion o f  t he  
s t r i p e  from the heat s ink  a f fo rded by the c i r c u i t  board mater ia l .  
Th is  procedure may be d i r e c t l y  app l i cab le  t o  observat ion o f  in tegra ted  
c i r c u i t  me ta l i za t i on  s t r i p e s  bhat are,  poorly attaohed t o , t h e  ch ip  
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2.3 MOST PROMIS ING AREAS OF EFFECT I V E  INFRARED EVALUAT I ON 
Based on the  informat ion obtained from the  l i t e r a t u r e  review (Table I - l ) ,  
the d i s t r i b u t i o n  of indust ry  wide f a i l u r e  modes (Fig. 1 .  l), and our own 
experience i n  manufacturing, t e s t i n g  and i n f r a r e d  evaluat ion o f  semiconductors, 
the areas i n  which i n f r a r e d  promised t o  be an e f f e c t i v e  evaluat ion technique, 
and the re fo re  j u s t  i f  ied f u r t h e r  invent iga t  ion, were: 
a. The evaluat ion and cha rac te r i za t i on  o f  t he  i n f ra red  r a d i a t i o n  
emit ted from the  interconnect ing me ta l i za t i on  pat terns o f  operat ing 
m i c r o c i r c u i t s  which had known defects i n  the me ta l i za t i on  
pat tern.  
t o t a l  mono l i t h i c  s i l i c o n  m i c r o c i r c u i t  f a i l u r e s  a r e  due t o  f a i l u r e  
modes associated w i t h  metal i z a t i o n  pat terns (Fig. .1 . 1 ) .  
This area i s  o f  p a r t i c u l a r  concern because 26% o f  t he  
b. The evaluat ion and cha rac te r i za t i on  o f  t he  i n f r a r e d  r a d i a t i o n  emit ted 
from the surface o f  monol i th ic  m i c r o c i r c u i t s  w i t h  known ch ip  t o  
header bond voids. Seventeen (17) percent o f  t he  t o t a l  reported 
indust ry  f a i l u r e s  are associated w i t h  c h i p  to-header bond defects.  
(See Figure 1.1) 
C. The measurement o f  t he  temperature d i f ferences ( u t i 1  i z i n g  i n f r a r e d  
techniques) across i n te rna l  w i r e  bond in ter faces and the c o r r e l a t i o n  
o f  t h i s  temperature d i f f e r e n c e  w i t h  measured bond strength.  I n te rna l  
w i r e  bond f a i l u r e s  account f o r  23% o f  the  t o t a l  reported indust ry  
f a i l u r e s  (See Figure 1.1).  
d. The in f ra red  cha rac te r i za t i on  o f  both e l e c t r i c a l l y  good and e l e c t r i -  
c a l  l y  de fec t i ve  devices of the same type, w i t h  the  cha rac te r i za t i on  
being accomplished w i t h  the devices operat ing under i d e n t i c a l  appl ied 
volhages and device mounting arrangements, t o  determine i f  i n f r a r e d  
techniques could be u t i l i z e d  t o  screen de fec t i ve  devices. 
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Defects . 
i e - to  -Header 
Bond De+ects Ln /I 
Oxide  Layer 
Defects 
23% / 
NOTE: The above f a i l u r e  mode d i s t r i b u t i o n  was determined by 
averaging the reported f a i l u r e s  i n  the  fo l l ow ing  
pub1 i c a t  ions : 
1. 
2. lM ic roe lec t ron ics  Re1 i a b i l  i ty" ,E lect ron ic  Industr ies,  
3. Texas Instruments, "What i s  Meaningful In tegrated C i r c u i t  
4. 
5. 
T. J. Nowak, "Re1 i a b i l  i t y  o f  IC's,18 1967 Annual Symposium 
on Re1 i a b i  1 i t y .  
Apr i  1 1966.. 
Re1 i a b i  1 i t y y  EDN, November 1965, 
NASA Par ts  Pub1 ica t ions  NDC-275-1, August 1966. 
TRW Systems "Microelect ron ic  Survey? September 1965. 
FIGURE 1.1 - D i s t r i b u t i o n  o f  F a i l u r e  Modes. 
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e. The evaluat ion o f  the e f f e c t  o f  power densi ty  on the operat ing 
temperature o f  s ing le-  o r  mul- t ip le-chip integrated c i r c u i t s .  
The evaluat ion o f  the e f f e c t  o f  device mounting on thermal response 
and thermal gradients.  
f. 
The evaluat ions described i n  items (e) and (f), above, served dual purposes: 
1 .  The measurements were u t i l i z e d  t o  determine the optimum scanning, 
mounting, and power appl i c a t  ion procedures cons i s t e n t  w i t h  the  
a v a i l a b l e  i n f ra red  instrumentat ion, t o  enhance the usable i n f ra red  
informat ion obtainable from integrated c i r c u i t s .  
2. The measurements gave ins igh t  t o  the thermal problems t h a t  can 
be expected w i t h  h igh power s ing le-  o r  mu l t i p le -ch ip  LSI o r  MSI 
dev ices . 
On the basis o f  e x i s t i n g  data, t he  areas descr 
above, were the most promis ing f o r  e x p l o i t a t  ion o f  
techniques, but do not  exhaust the 1 i s t  o f  p o s s i b i l  
2 -4  ADD IT IONAL AREAS OF POTENT IALLY EFFECT I V E  INFRARED EVALUAT ION 
bed i n  (a) through (f), 
nf rared evaluat ion 
t i e s  f o r  e f f e c t i v e  i n f r a -  
I t  should red q u a l i f i c a t i o n  o f  m i c r o c i r c u i t  and other semiconductor devices. 
be noted t h a t  t he  defects mentioned above a re  r e l a t i v e l y  large i n  s i ze  compared 
to, f o r  example, p inholes i n  the oxide surface. I f  s u f f i c i e n t  resolut ion,  
and s e n s i t i v i t y  are a v a i l a b l e  i n  i n f ra red  scanning equipment, 
f e a s i b l e  t o  evaluate the r e l i a b i l i t y  hazard presented by: 
scann ing speed, 
i t  i s  c e r t a i n l y  
a. D i f f u s  
norma 1 
on spikes. I f  these defects occur a t  junct ions they would 
y be associated w i t h  h igh e l e c t r i c  f i e l d  strengths and, 
therefore, loca l  ized h igh currents  which should produce some 
loca l i zed  heating. Even w i t h  the existence o f  these spikes, the 
2.15 
e l e c t r i c a l  operat ion o f  the  c i r c u i t  may be normal f o r  a considerable 
per iod o f  t ime. Because ' d i f f u s i o n  spikes a r e  genera l l y  q u i t e  small, 
in f ra red  de tec t ion  o f  l oca l i zed  heat ing caused by them i s  l i m i t e d  
by the  reso lu t i on  and s e n s i t i v i t y  o f  t he  in f ra red  equipment. I f  
these defects occur under metal izat ions,  which normal ly have a l o w  
emiss iv i ty ,  the de tec t ion  d i f f i c u l t i e s  a re  compounded. It i s  
poss ib le  t h a t  recombination r a d i a t i o n  may be h e l p f u l  in determining 
the  l oca t i on  o f  these types o f  defects .  
b. Photo1 i thographic  defects.  Th is  type o f  defect  can r e s u l t  in  
many d i f f e r e n t . f a i l u r e  mechanisms depending upon the  s i z e  and 
locat ion.  The smal ler  defects, caused by spots o f  dust  o r  
p a r t i c l e s  o f  dopants, may r e s u l t  i n  pinholes o r  d i f f u s i o n  pipes 
and may be q u i t e  d i f f i c u l t  t o  de tec t  w i t h  in f ra red  techniques 
as prev ious ly  described. The la rger  defects may r e s u l t  i n  v a r i a t i o n  
from the  designed values o f  components and, depending upon the  type 
o f  defect, may cause the  area i n  quest ion t o  operate a t  a temperature 
e i t h e r  higher o r  lower than t h a t  o f  a normal component. 
Some work was performed i n  the  areas described i n  (a)and (b), above, but  t h i s  
work was minimal because these types o f  defects only account f o r  a s m a l l  
percentage o f  t o t a l  integrated c i r c u i t  f a i l u r e s .  
2 -5 SECOND BREAKDOWN 
Second breakdown i s  general l y  experienced i n  power t rans is tors ,  and 
al though i t s  i n i t i a t i o n  i s  i n  r e l a t i v e l y  s m a l l  areas, i t s  l oca t i on  i s  
reported t o  have been observed w i t h  in f ra red  equipment p r i o r  t o  actual  
breakdown. It is assumed t h a t  the  loca l i zed  temperatures involved are  q u i t e  
2.16 
high. Because of the la rge  amount of l i t e r a t u r e  concerning i n f ra red  
de tec t ion  o f  t h i s  phenomena, no add i t i ona l  work i n  t h i s  area was performed 
under t h i s  cont ract .  
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I 1 1  - INFRARED EQUIPMENT DESCRIPTION AND EVALUATION 
3 e I I NTRODUCT I ON 
P r i o r  t o  performing any invest igat ions t o  determine the  ef fect iveness 
o f  the i n f r a r e d  techniques which, based on our experience and pub1 ished 
l i t e r a t u r e ,  appeared t o  o f f e r  t he  most promise f o r  e f f e c t i v e  use in q u a l i f i -  
cat  ion and f a i l u r e  analys is  o f  semiconductors, the i n f ra red  detect  ion 
equipment which was t o  be used dur ing the course o f  t he  contract  was evaluated 
t o  determine i t s  capabi l  i t i e s .  The evaluat ion o f  the equipment i s  discussed 
i n  the subsequent paragraphs o f  t h i s  sect ion.  
describes the  operat ional  p r i n c i p l e s  o f  the equipment used, and modi f icat ions 
made t o  the  instrumentat ion dur ing the  course o f  the contract .  
The sec t i on  a l s o  b r i e f l y  
3.2 DESCRIPTION OF THE NASA FAST SCAN INFRARED MICROSCOPE 
Fig.3.1 & 3.2 a r e  photographs o f  t he  Fast Scan In f ra red  Microscope. 
This equipment was b u i l t  by the Raytheon Company f o r  NASA's Marshall  Space 
F1 i g h t  Center under Contract NAS8-11604 and was suppl ied t o  Phi lco-Ford f o r  
use under t h i s  con t rac t .  The e n t i r e  system i s  contained i n  two separate 
cabinets. The cabinet shown in Fig.3.1 i s  designated as the  detector  
cabinet and contains: 
a. 
b. The o p t i c a l  system, inc lud ing the h e l i x  and polygon scanning 
The detector  and detector cool ing assembly; 
assembly, and the  v i sua l  microscope assembly f o r  a1 igning the  
sample t o  be subjected t o  an i n f ra red  scan; 
c. The i n f r a r e d  s ignal  amp1 i f  ie rs ;  
d. The l i n e  scan and frame scan sync pulse generators, and 
e. An ion pump f o r  maintaining the vacuum i n  the  dewar o f  t he  detector  
cool ing assembly. 
3.1 
Figure 3.1 - NASA Fast Scan In f rared Figure 3.2 - NASA Fast Scan In f rared 
Microscope Detector Cabinet. Microscope Display Cabinet. 
The cabinet shown i n  Fig. 3.2 i s  designated as the d isp lay cabinet and 
contains: 
a. The threshold detector;  
b e  An osci l loscope f o r  d isp lay ing the ampl i f ied detector output s ignal  
obtained dur ing each ind iv idual  l i n e  scan o f  the specimen. The 
Y ax i s  o f  t h i s  scope indicates the amplitude o f  the i n f ra red  signal  
and the X ax is  indicates the  X coordinate o f  the scan 1 ine on the 
specimen from which the s ignal  was obtained; 
c. A storage osci l loscope f o r  d isp lay ing the ampl i f ied analog o r  the 
threshold processed in f ra red  signal  from the surface o f  the specimen. 
Ae X and Y axes o f  t h i s  scope ind icate the X and Y coordinates 
of the infrared signal. 
of the infrared signal is 
ndication of the relat 
accomplished either by 
on the surface o f  t h e  specimen .from which the infrared signal 
was obtained, and the Z axis simultaneously indicates (in 
synchronism with the coordinate signals) the relative magnitude 
ve magnitude 
modu 1 at i ng 
the intensity of the scope in accordance with the analog signal 
applied to the Z axis o f  the scope or by modulating the 
intensity of the scope in accordance with the threshold 
processed signal appl ied to the 2 axis so that isoinfrared 
radiation contours are plotted on the scope face; 
d .  A four channel tape recorder that records the infrared 
signal, the X sync pulse, the Y sync pulse, and whatever 
voice information is required to identify the specimen. 
The recorded data may then be replayed through the d isp lay 
system and adjustments can be made to the display controls 
to enhance the threshold or intensity modulated display. 
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3.3  OPERATIONAL PRINCIPLES OF THE FAST SCAN INFRARED MICROSCOPE 
A block diagram o f  the e n t i r e ' f a s t  Scan In f rared Microscope system i s  
shown i n  Fig. 3 . 3 .  The basic operat ional  p r i n c i p l e s  o f  t h i s  equipment a r e  
described i n  the  subsequent paragraphs. 
The specimen t h a t  i s  t o  be scanned i s  mounted on the pedestal and properly 
pcsitimed w i t h  the use o f  the a1 ignment microscope. Power i s  appl ied t o  the 
device being examined and the  i n f r a r e d  r a d i a t i o n  emit ted from i t s  surface 
i s  t ransmi t ted along the  o p t i c a l  path o f  t he  equipment, through the  detector  
aper ture t o  the a c t i v e  area o f  the photoconductive detector.  In the  process 
o f  t rave rs ing  the o p t i c a l  path the r a d i a t i o n  i s  r e f l e c t e d  from the surfaces 
of  the r o t a t i n g  h e l i x  scanning assembly whose motion r e s u l t s  i n  v e r t i c a l  
scanning o f  the specimen and the r a d i a t i o n  i s  a l s o  r e f l e c t e d  from the  mir rored 
surfaces o f  t he  r o t a t i n g  polygon scanning assembly which causes both ho r i zon ta l  
scanning of t he  specimen and s p a t i a l  chopping of the i n f r a r e d  rad ia t i on .  The 
r a d i a t i o n  f a l l i n g  on the  detector  modulates i t s  conduc t i v i t y  i n  a manner 
propor t ional  t o  the q u a n t i t y  o f  impingent rad ia t i on .  The modulated conduct i -  
v i t y  r e s u l t s  i n  vo l tage changes across the detector  which i s  biased i n  a 
constant current  c i r c u i t .  These vol tage changes are a m p l i f i e d  and processed 
in  the threshold detector  and d i rec ted  t o  the  Y ax is  o f  the l i n e  scan 
d i sp lay  scope, the  Z a x i s  o f  the surface scan memory scope, and t o  the  I R  
s igna l  input o f  the 4-channel tape recorder i n  synchronism w i t h  the X and 
Y l oca t  ion s ignals ' f rom the polygon scanning assembly and the  he1 i x  scanning 
assembly, respect ive ly .  These s ignals  y i e l d  a continuous l i n e  scan d i sp lay  
i n  the l i n e  scan scope and an isoradia, t ion d i sp lay  i n  the surface scan 
memory scope,and are stored fo r  f u r t h e r  use and record by the tape recorder. 
The information stored on tape i s  i d e n t i f i e d  by simultaneously tap ing w i t h  
the i n f r a r e d  data voice information concerning the pe r t i nen t  f ac to rs  o f  t he  t e s t .  
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Areas o f  abnormal Ae t l n g  a re  indicated by high rad ia t i on  eve1 spikes on the 
l i n e  scan scope and by h igh i n t e n s i t y  leve ls  o r  c losely  packed isoradiat ion 
contours on the surface scan memory scope. The h igh i n t e n s i t y  leve ls  on the 
memory scope occur when the system i s  operated i n  the i n t e n s i t y  modulation 
mode, and the contour packing occurs when the equipment i s  operated i n  the 
threshold d e .  
3.4 DESCRIPTION OF THE THERMAL PLOTTER 
The Thermal P l o t t e r  i s  a Philco-Ford developed in f rared scanning inst ru-  
ment (shown i n  Fi93 .4  ) b u i l t  f o r  use i n  determining the e f f e c t s  which 1 i m i t  
the re1 i a b i l  i t y  o f  microc i rcu i ts .  
FIGURE 3.4 - The Thermal P lot ter ,  a Philco-Ford developed 
In f rared Scanning Instrument. 
3.6 
3.5 OPERATIONAL PRINCIPLES OF THE THERMAL PLOTTER 
The operat ional  p r i n c i p l e s o f t h e  c o l o r  threshold system f o r  t he  d i sp lay  
and measurement o f  temperature v a r i a t i o n s  across the  surface o f  an ob jec t  
through e l e c t r o n i c  processing o f  the i n f ra red  r a d i a t i o n  emit ted from i t s  
surface a r e  b r i e f l y  described below. 
The advantage o f  t he  system i s  t h a t  t he  temperature d i sp lay  i s  a colored 
presentat ion i n  which each c o l o r  represents a s p e c i f i c  preset tempera- 
t u r e  range. The use o f  the colored d i sp lay  y ie lds,  through Polaro id  photogra- 
phy,a permanent record o f  absolute temperature va r ia t i ons ,  readable d i r e c t l y  
from the  photographs. 
The system consis ts  o f :  
a. An i n f r a r e d  detect ion system, capable o f  automatic scanning; 
b. A threshold detector ;  
C. A l o g i c  c i r c u i t ;  
d. 
e. 
A c o l o r  cathode ray tube w i t h  appropr ia te e l e c t r o n i c  c i r c u i t r y ;  
Photographic attachments f o r  recording the  cathode ray d ispiay.  
I 
A b lock diagram o f  tke, system i s  shown  i n  Figure 3.5. 
In the c o l o r  threshold d i sp lay  mode o f  operation, the i n f ra red  r a d i a t i o n  
emit ted from s m a l l  areas on the sample being examined i s  mechanical ly chopped 
and focused on the  a c t i v e  area of a P h i l c o  indium antimonide I R  detector.  The 
pho tovo l ta i c  s ignal  generated by the  detector i s  amp l i f i ed  and passed t o  the. 
threshold detector ;  simultaneously, X and Y l o c a t i o n  s ignals  f o r  t h i s  small 
area are sent t o  the  cathode ray tube d e f l e c t i o n  c i r c u i t s .  
detector, the chopped in f ra red  s ignal  i s  processed t o  obta in  s i x  d i s c r e t e  
output leve ls .  The threshold l eve l s  are programmed by the operator t o  
In the  threshold 
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correspond t o  known temperature values. 
is processed i n  the l o g i c  c i r c u i t  t o  act ivate,  according t o  the  preset 
threshold levels, one, two, three o r  none o f  t he  e lec t ron  guns i n  the cathode 
ray tube o f  a modif ied Ph i l co  c o l o r  TV set .  
operat ing the automatic substage, the i n f ra red  r a d i a t i o n  signal, from any 
area on the sample, var ies i n  accordance w i t h  the temperature and e m i s s i v i t y  
o f  t h a t  area; and the  X and Y s ignals  vary i n  accordance t o  the  locat ions o f  
The s ignal  from the threshold detector  
As the device i s  scanned by 
the area from which the  i n f ra red  s ignal  
generated, i s  photographed and becomes a 
v a r i a t i o n  across the surface o f  the samp 
The system i s  arranged so t h a t  the 
i n f r a r e d  r a d i a t i o n  are: 
Blue 
Aqua 
Green 
Ye1 low 
Red 
White 
To obta 
emit ted from 
osc i 1 I oscope 
s emitted. The c o l o r  d i sp lay  
permanent record o f  t he  temperature 
e. 
o l o r s  displayed, i n  order o f  ascending 
- lowest i n f ra red  r a d i a t i o n  threshold 
- highest i n f r a r e d  r a d i a t i o n  threshold 
n an i n t e n s i t y  modulated d i sp lay  o f  the i n f ra red  r a d i a t i o n  
an object, the i n f r a r e d  s ignal  i s  appl ied t o  the  Z a x i s  o f  an 
p r i o r  t o  being processed i n  the l o g i c  c i r c u i t .  The h igh s ignal  
l eve l s  r e s u l t  in h igh i n t e n s i t i e s  on the CRT screen i n  synchronism w i t h  the 
X and Y l o c a t i o n  s ignals  and a permanent record o f  the d i sp lay  i s  obtained 
w i t h  the  use o f  WTaro id  photography. 
A 1 ine scan d i sp lay  can be recorded by apply ing the amp1 i f i e d  and 
demodulated I R  s ignal  t o  the  Y a x i s  o f  an X-Y p l o t t e r ,  and apply ing the x 
l oca t i on  s ignal  t o  the X a x i s  o f  the same p l o t t e r .  
3 08 

With the Thermal P lo t te r ,  l oca l i zed  h igh temperature areas are located 
- 
Operat ion Mode 
Single Line Scan 
(X-Y P l o t t e r )  
lntens i t y  Modulation 
Color Threshold Modulation 
as 
Local ized h igh temperature 
areas indicated by : 
Peaks o r  spikes i n  the Y 
a x i s  t race. 
a 
Areas o f  h igh i n t e n s i t y  on the d i s p l a y  
scope face. 
- 
Reg ions o f  'Iwhite" on the  d i sp lay  
scope face. 
b 
3.6 PRELIMINARY EVALUATION OF FAST SCAN MICROSCOPE 
The Fast Scan Microscope, furnished by NASA for use dur ing the  work on 
t h i s  contract,was del ivered t o  Philco-Ford dur ing the e a r l y  p a r t  of  December 
1967. Representatives o f  the  Raytheon Company, manufacturer o f  t he  equip- 
ment, v i s i t e d  the  Philco-Ford Blue B e l l  F a c i l i t y  i n  December t o  put thee. 
equipment i n t o  operation, t o  i n s t r u c t  Philco-Ford personnel on i t s  
operat ional  p r i nc ip les ,  and t o  a s s i s t  i n  the  p r e l  iminary evaluat ion o f  the  
equipment. The p re l im ina ry  evaluat ion of t he  equipment consisted o f :  
a. The generat ion of  a b lack body c a l i b r a t i o n  curve 
b. The determinat ion o f  the reso lu t i on  o f  t he  system 
c. The i n f r a r e d  scanning and evaluat ion of r a d i a t i o n  pat terns 
from several d i f f e r e n t  objects.  
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3.6.1 Black Body Cai i b r a t i o n  Curve 
A b lack body c a l i b r a t i o n  curve was generated by measuring the  amp1 i f i e d  
peak output vol tage o f  t he  cryogenica l ly  cooled HgGe detector  w h i l e  scanning 
the r a d i a t i o n  emit ted from a b lack body ma i n t a  ined a t  known temperatures. 
The curve obtained approximates the curve prev ious ly  obtained and reported 
by Raytheon f o r  a hel ium cooled CuGe detector and indicates the  equipment 
has more s e n s i t i v i t y  than prev ious ly  measured when using a c ryogen ica l l y  
cooled HgGe detector.  See Figure 3.6. 
3.6.2 Resolut ion Determination 
The r e s o l u t i o n  o f  t he  equipment, as def ined and i l l u s t r a t e d  i n  Figure3.7 
was determined j o i n t l y  by Raytheon and Philco-Ford personnel. 
u t i l i z e d  i n  the determinat ion was t o  photograph the  detector  output trace, 
displayed on the 1 ine scan osci l loscope, o f  a s i n g l e  1 ine scan across a b lack 
body o f  known size.  The r e s o l u t i o n  was then determined from measurements 
made from the  photograph. The data showed t h a t  the r e s o l u t i o n  va r ied  from 
approximately 20.0 m i l s  near the  center o f  t he  scanning area t o  about 25.0 
m i l s  near the  edge o f  t he  scanning area. 
o f  the equipment were a t t r i b u t e d  t o  b l u r r i n g  o f  t he  image because o f  t he  
shal low depth o f  f i e l d  o f  the o p t i c a l  system, and the change i n  the 
length o f  t he  o p t i c a l  p a t h  necessi tated by the  o p t i c a l  scanning procedure 
u t i l i z e d  by the equipment. 
The procedure 
The d i f ferences i n  the r e s o l u t i o n  
3.6.3 Evaluat ion o f  I R  Radiat ion Patterns 
Threshold and i n t e n s i t y  modulated d isp lays were obtained w i t h  the  use 
o f  the Fast Scan In f rared Microscope. These d isp lays were obta ined u t i  1 i z ing :  
a. I n f ra red  r a d i a t i o n  emit ted from a b lack body w i t h  a 60 m i l  diameter 
open i ng 
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FIGURE 3.6 i- Blackbody C a l i b r a t i o n  Curve 
-*- Data taken by Raytheon, using cryogenica l ly  cooled HgGe 
detector.  (From repor t  on Phase I V  Experimental Study - 
15 May 1967, prepared by Raytheon Company f o r  G. C. Marshall  
Space F l i g h t  Center under Contract 11604.) 
--------- Data taken by Raytheon, using hel ium cooled CuGe detector .  
(From repor t  on Phase I V  Experimental Study.) 
Data taken by Philco-Ford, using cryogenica l ly  cooled 
HgGe detector, 8 December 1967. 
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ideal ized detector output response t o  step 
funct ion rad i a t  ion input s ignal 
Rad i a t  ion input s ignal 
FIGURE 3 . 7 A  - D e f i n i t i o n  o f  reso lu t i on  o f  equipment. 
Typical detector response 
t o  step funct ion r a d i a t i o n  
input from 80 m i l  diameter 
FIGURE 3.78 - Typical  reso lu t i on  ca l cu la t i on .  
The equipment reso lu t i on  i s  determined by photographing the detector 
output response t o  an approximate step funct ion r a d i a t i o n  input o f  
known width, making the a u x i l i a r y  const ruct ion shown above and 
applying the proport ion:  
Where RS and W 
example: 
Resolution/RS = Known Black Body Pulse Width/WS. 
are scaled distances from the output photo i n  the above 
Resofut ion/ll = 80/32 =+ Resolut ion = 27 m i  Is. 
b. i n f ra red  r a d i a t i o n  t ransmi t ted through I r t r a n  
aluminum was evaporated and del ineated accord 
pat terns o f  known geometry (see Figure 3-81. 
c. i n f ra red  r a d i a t i o n  emit ted from an operat ing 
windows onto which 
ng t o  several d i f f e r e n t  
ntegrated c i r c u i t  device. 
Typical  data gathered as a r e s u l t  o f  these invest igat ions a re  shown i n  
Figures 3.9 through 3-15. 
3.6.4 D i f f i c u l t i e s  Observed Durinq the Pre l iminary Evaluat ion o f  t he  Fast 
Scan In f ra red  Microscope 
The d i f f i c u l t i e s  we observed dur ing the p re l im ina ry  evaluat ion o f  the 
i n f ra red  microscope were: 
a. The s p a t i a l  r e s o l u t i o n  o f  the  equipment was not s u f f i c i e n t  f o r  the 
microscope t o  be o f  s i g n i f i c a n t  value i n  scanning integrated c i r c u i t s .  
b. The DC bias leve l  o f  the I R  output s ignal  was unstable,> prec lud ing go6d 
threshold d isp lays o f  the emit ted I R  r a d i a t i o n  because the d r i f t i n g  
output leve l  was referenced t o  a constant threshold l e v e l  thereby 
a f f e c t i n g  the  accurate del  ineat ion o f  each threshold on the face o f  
t he  d i sp lay  scope. The I R  s ignal  d r i f t  and i t s  e f f e c t s  on the  
threshold d i sp lay  are shown i n  Figures 3.16 and 3.17. 
The i n t e n s i t y  modulated d i sp lay  scope d i d  not show s u f f i c i e n t  v a r i a t i o n s  
in i n t e n s i t y  t o  r e a d i l y  d iscern changes i n  the I R  s ignal .  The u t i l i -  
z a t i o n  o f  a d i f f e r e n t  CRT w i t h  a more s e n s i t i v e  phosphor could over- 
come t h i s  d i f f i c u l t y .  
C. 
d. The la rges t  area t h a t  can be scanned i n  a s i n g l e  operat ion i s  approxi- 
mately 80 x 100 m i l s 2 .  This necessi tates mosaic processing o f  data 
from devices l a rge r  than t h i s  t o  obta in  a complete scan o f  the 
dev ice. 
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.5 6 mil 
rnil A .  Varied Width 
Line Pat te rn  
I 
Jace 
+ 
I C. U A  
B .  T r iang le  Pat te rn  
C .  Constant Width 
Line Pat te rn  
FIGURE 3.8 - 
Evaporated Aluminum over 
I r t  ran Resol u t  ion Pat terns.  I- 25 l ines  
39 m i l  . 3  mil 
1.3 m i l  space 
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FIG- 3-9 - 60 m i l  d i  
a t  126Oc. Thresholds 
display periphery. 
a. 
ar 
Black Body 
-ranged t o  
FIG. 3&10 - 60 m i l  d i a .  Black 
a t  126 C.  Thresholds readjus 
d isplay  noise signals in the 
o f  the  open i ng . 
Body 
ted t o  
i n t e r i o r  
FIG. 3.11 - Threshold Display o f  40 
m i l  T r iang le  Pattern of  Figure 3.860 
The I m i l  wide side s t r ipes  were not 
detectable a t  T = 126Oc. 
FIGURE 3.12 - Threshold d isplay  
of var ied 1 ine width pa t te rn  of  
Figure 3.8A. Only the 6 mil 
wide s t r i p e  was resolved a t  
T = 126Oc. 
FIG+ 3.13 - Photomicrograph 
40 x 40 m i l  square sllicon 
3 input gate. Load Resisto 
a t  top o f  the c i r c u i t .  
I o f  
lr i s  
planar 
FIG. 3.14 - Threshold d isp lay  o f  
thermal cha rac te r i s t i cs  o f  3 input 
gate (Fig.3.13 ) made wh i le  300 mW 
was being d iss ipated i n  the load 
res i s to r .  Resistor area shows as 
dark region near top o f  photograph. 
FIG. 3.15- - Threshold d isp lay  o f  
thermal cha rac te r i s t i cs  o f  3 input 
gate. (Fig.3.13 ) generated wh i le  
300 nkl was being d iss ipated i n  the 
load res i s t o r .  Thresholds were 
readjusted from those used t o  
obta in  the d isp lay  shown i n  
as the l i g h t  area near the top o f  
the photograph. 
ig-3.14 . The load r e s i s t o r  shows 
FIGURE 3.16  - M u l t i p l e  Line Scan 
M u l t i p l e  Single Line Scan - 60 M i l  Dia. 
Black Body - showing i n s t a b i l i t y  i n  DC leve l .  
The black bars across the traces a r e  the threshold levels  which a r e  constant, 
but the r e l a t i v e  motion between the threshold levels  and the IR signal 
resul ts  in an e r r a t i c  threshold display.  
FIGURE 3.17 - Diagram showing the manner i n  which dc i n s t a b i l i t y  
a f f e c t s  threshold marks on the threshold d isp lay  memory scope. 
The threshold leve ls  are set  and remain a t  constant vol tage but 
because o f  the dc i n s t a b i l  i t y ,  two successive I R  scans 'across 
the same area'  s h i f t  v e r t i c a l l y  w i t h  respect t o  the threshold levels.  
This r e s u l t s  i n  two separate and d i f f e r e n t  threshold marks on the 
memory scope f o r  the same I R  data (Trace A threshold marks are  
indicated w i t h  an X and Trace B threshold marks are indicated by 
A i n  the above sketch) 
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3 A.5 Mod i f  i c a t  ion t o  Microscope 
A f t e r  the p r e l  iminary evaluation, -and presentat  ion o f  our f indings, the 
Raytheon Company under au tho r i za t i on  by NASA's George C. Marshal 1 Space F1 i g h t  
Center modif ied the  equipment t o  impro 
cons i s  ted o f :  
a. I n s t a l l a t i o n  o f  a DC res to re r  
by the AC coupl ing i n  the  amp 
e i t s  performance. The modi f icat ions 
t o  minimize the  DC leve l  s h i f t  caused 
i f i e r  o f  the I R  s ignal  c i r c u i t .  
b. Replacement o f  t he  detector  b ias ba t te r i es .  
These modi f icat ions reduced the DC leve l  i n s t a b i l i t y  t o  approximately 50% of 
the o r i g i n a l  i n s t a b i l i t y  and improved the r e s o l u t i o n  o f  t he  system from about 
25 m i l s  t o  about 10 m i l s .  
3.6.6 Evaluat ion o f  Modif ied Fast Scan Microscope 
Evaluations s i m i l a r  t o  those indicated i n  Section 3.6.3 were performed 
and a modif ied Bode p l o t  was generated t o  show the reso lu t i on  o f  t he  equip- 
ment. 
Calculat ions based on some experimental data were made to insure t h a t  the 
frequency response o f  t he  system was s u f f i c i e n t l y  h igh so t h a t  t he  r e s o l u t i o n  
would not be af fected.  
The modif ied Bode p l o t  dep ic t i ng  the system r e s o l u t i o n  i s  shown i n  
F ig .  3.18. This p l o t  was generated by measuring and normal iz ing output 
s ignal  leve l  r e s u l t i n g  f r o m  a scan across a var ied l i n e  w i d t h  p a t t e r n  o f  known 
dimensions. The ca l cu la t i ons  t o  determine minimum frequency response, 
required a t  various scanning speeds, t o  j u s t  resolve 10 m i l s ,  5 mils, 1 m i l  
and 0.5 m i l  were p l o t t e d  on F ig.  3.19. The frequency response o f  the system 
i s  40 kHz, and the  curves i nd i ca te  t h a t  t he  response i s  s a t i s f a c t o r y  a t  t he  
highest scanning r a t e  o f  32 inches/second t o  j u s t  resolve about 0.8 m i l .  
3.21 

0 
W I n  
3 
Cuoa, 
In-- s s L .- 
0 m -  
FIGURE 3.19 - Frequency Response 
Required VS. Line Scann ing Rate 
i3 
3 
n 
3 
3 
r? 
3 
N 
3 - 
3 
0 
3 - 
0 
20 
8 
s 
0 
N 
0 
3.6.7 Subsequent Attempts t o  Modify the Fast Scan Microscope 
Based on Phi lco-Ford's experience i n  i n f r a r e d  scanning o f  integrated 
circuits, we informed NASA t h a t  we d i d  not  be l i eve  we could ob ta in  meaningful 
in f rared data from integrated c i r c u i t s  unless the r e s o l u t i o n  o f  t he  equipment 
was improved. The Raytheon Company was author ized by NASA t o  improve the 
reso lu t i on  o f  the equipment. 
(Wc o f  1 O 1 O  cm Hz1l2/watt ;  output impedence o f  50 t o  100 a) which could be 
operated a t  l i q u i d  n i t rogen  temperatures, and the  necessary dewar and ampli- 
f i e r s  t o  i n s t a l l  these components i n  the e x i s t i n g  equipment. During t h e i r  
attempts t o  i n s t a l  1 the components, the detector  became inoperat ive.  The 
detector  was repaired by the manufacturer and Philco-Ford was author ized t o  
i n s t a l l  the components. During the  i n s t a l l a t i o n  the detector  again became 
inoperat ive.  
To t h i s  end Raytheon obtained a HgCdTe detector  
No f u r t h e r  modi f icat ions were attempted. 
3.7 DEMONSTRAT ION OF THE CAPAB I LIT I ES OF THE THERMAL PLOTTER 
The demonstration o f  the capabi l  i t  ies o f  the Thermal P l o t t e r  consisted 
o f :  
a. The generat ion o f  Bode p l o t s  t o  i l l u s t r a t e  the reso lu t i on  
c a p a b i l i t i e s  o f  the equipment. 
b. The i n f r a r e d  scanning and the  evaluat ion o f  r a d i a t i o n  pat terns 
from several d i f f e r e n t  ob jects .  
3.7.1 Demonstration o f  Resolut ion Capabil i t i e s  
The r e s o l u t i o n  o f  t he  equipment was demonstrated by photographing the  
CRT d i s p l a y  o f  the i n f r a r e d  data r e s u l t i n g  from a 1 ine scan across the 
l r t r a n  var ied l i n e  w i d t h  pa t te rn  o f  F i g o  3.8A, normal iz ing the peak r a d i a t i o n  
output and p l o t t i n g  the  normalized output s ignal  against  l i n e  w i d t h  from 
3.24 
which the s ignal  was obtained. The CRT rad ia t i on  pa t te rn  i s  shown i n  
Fig.  3.20, and r e s u l t i n g  Bode p l o t  i s  shown i n  Figure 3.21. 
FIGURE 3.20 - CRT Display o f  Radiat ion Pat tern 
from l r t r a n  Varied Line Width 
Pattern e 
3.7.2 Demonstration o f  Test Patterns and M i c r o c i r c u i t  Devices 
in f ra red  d isp lays were made o f  several o f  the t e s t  pat terns shown i n  
F ig .  3.8 and o f  some mic roc i r cu i t s  t o  demonstrate the c a p a b i l i t y  o f  the 
Thermal P l o t t e r  t o  resolve areas o f  loca l i zed  heating. Typical  d isp lays as 
a r e s u l t  o f  t h i s  scanning are shown i n  Figures 3.22 through 3.26. 
a 
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FIGURE 3.22 - Varied Line Width l r t r a n  Test Pat te rn  
Shown i n  Fig.3.8A w i t h  Del inea t ion  
Defects i n  the  0.25 m i l  Lines. 
FIGURE 3.23 - Threshold lntens i t y  Modulated Display 
of Varied Line Width Pat tern o f  Figure 3.22 - 
A l l  Lines Del ineated T = 126Oc. 
3 a 2 7  
F I GURE 
F IGWRE 
3.24 - Color Modulated Threshold Display 
o f  l r t r a n  Test Pattern o f  
F i g .  3.8B - Temp = 126Oc. 
3.25 - I n t e n s i t y  Modulated Display 
of  l r t r a n  Test Pat te rn  o f  
Fig.  3.8C - A l l  l i n e s  resolved 
T = 126'~. 
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FIGURE 3.26 - Color threshold modulated d isp lay  o f  
thermal cha rac te r i s t i cs  o f  3 input 
gate m i c r o c i r c u i t  o f  F ig .  3.13 made 
wh i l e  300 mW was being d iss ipated i n  
the l o a d  r e s i s t o r .  Resistor area i s  
the ho t tes t  area i n  the  device and 
shows as whi te  i n  the  photograph. 
3.7.3 D i f f i c u l t i e s  w i t h  Thermal P l o t t e r  System 
The d i f f i c u l t i e s  w i t h  t h e  Thermal P l o t t e r  System were: 
a. The scan r a t e  i s  very slow 
b. The index micrometer was o r i g i n a l l y  arranged t o  advance 1.4 m i l s  
on successive scans which resul ted i n  gaps in the I R  data when 
e i t h e r  the  0.8 m i l  o r  t he  0.3 m i l  r eso lu t i on  lens system was 
used. This d i f f i c u l t y  was subsequently overcome near the completion 
o f  the program. 
3.7.3.1 Scan Rate 
The maximum scanning r a t e  o f  t he  system i s  50 mils/second. To 
generate a complete scan o f  a 50 x 50 mi I2chip w i t h  the  1.4 m i l ,  0.8 m i l  
and the 0.3 m i l  lens systems requires about 50 seconds, 90 seconds, and 
230 seconds, respect ive ly .  (Times include some overscanning,) Since the 
thermal response o f  a t y p i c a l  integrated device i s  much more rap id  than the  
f a s t e s t  scanning rate, t h i s  prevents observation o f  the changes in the 
thermal gradients over the e n t i r e  ch ip  dur ing heating o r  coo l i ng  upon 
a p p l i c a t i o n  o r  removal o f  power. This l i m i t s  the use o f  the equipment 
t o  measurement o f  thermal graidents across the ch ip  on ly  a f t e r  t he  device 
has achieved thermal equi l ibr ium.  The instrument can however record the 
heating and/or coo l i ng  rates o f  a d i s t i n c t  p o i n t  on the chip. 
3.7.3.2 Scan Index 
The Thermal P l o t t e r  was o r i g i n a l l y  designed t o  use a 1.4 m i l  r e s o l u t i o n  
lens and the mechanical scanning was therefore arranged t o  index according 
t o  t h i s  resolut ion.  When devices were scanned which required higher resolut ion,  
the scans were spaced so t h a t  gaps (between successive scan 1 ines) occurred 
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in the detected in f ra red  informat ion. i o  overcome t h i s  d i f f i c u l t y ,  the 
index micrometer stepping gear r a t i o  was modified t o  accommodate both the 
0.8 m i l  and the 0.3 m i l  resolut ion lens systems. The penalty f o r  t h i s  
modi f icat ion was longer t o t a l  scanning times, as discussed in the  previous 
sect ion. 
1 V .  - EXPER IMENTAL STUD I ES AND EVALUAT IONS 
4.1 INTRODUCT ON 
Upon comp e t i o n  o f  the evaluat ion o f  the c a p a b i l i t i e s  o f  the  in f ra red  
de tec t ion  equipment, t e s t  vehic les were co l l ec ted  t o  evaluate the  areas i n  
which procedures invo lv ing  the detect  ion of emit ted i n f r a r e d  r a d i a t i o n  
showed promise o f  being an e f f e c t i v e  means f o r  f a i l u r e  analys is  and q u a l i f i -  
ca t i on  o f  semiconductor devices. 
eva lua t ion  was devoted t o  the  experimental determinat ion o f  the  optimum 
scanning procedures, cons is tent  w i t h  the I im i ta t ions  o f  the equipment, t o  
most e f f e c t i v e l y  observe i n f r a r e d  manifestat ions associated w i t h  p o t e n t i a l  
defects.  Addi t ional  e f f o r t  was expended i n  the determinat ion o f  the e f f e c t  
o f  m u l t i p l e  ch ip packaging on the apparent thermal resistance o f  the package. 
Other areas invest igated were those t h a t  had been reported i n  1 i terature,  
o r  had been p a r t i a l l y  evaluated by Philco-Ford, and showed promise o f  being 
an e f f e c t i v e  i n f ra red  procedure f o r  the  de tec t ion  of p o t e n t i a l  o r  actua l  
defects. these inves t iga t ions  consisted o f  an evaluat ion o f  the heat ing e f f e c t s  
r e s u l t i n g  from: 
Par t  o f  the  e f f o r t  expended dur ing t h i s  
a. Chip-to-header bond voids 
b. 
c. M e t a l l i z a t i o n  cons t r i c t i ons  because o f  scratches o r  reduced cross 
Photo1 i thographic  and other  v i s i b l e  defects  
sect ions a t  ox ide steps 
d. Poor ohmic contact  i n  oxide cuts  
e. Poor i n t e r n a l  w i r e  bonds 
f, Current f low through i n t e r n a l  wires.  
g. C racked semiconductor d i ce  
4.1 
h. E l e c t r i c a l l y  de fec t ive  in tegrated c i r c u i t s  as compared t o  e l e c t r i c a l l y  
good devices o f  the same type. 
4.2 DETERMINATION OF OPTIMUM INFRARED SCANNING PROCEDURES 
I n  most in f ra red  studies o f  semiconductor devices, the  device under 
evaluat ion i s  permi t ted t o  come t o  thermal equ i l i b r i um before i n i t i a t i n g  the  
i n f r a r e d  scanning. Because o f  the good thermal conduc t i v i t y  o f  s i 1  icon, it 
was conjectured t h a t  when the  device i s  s tud ied i n  the thermal e q u i l i b r i u m  
s t a t e  the thermal e f f e c t s  a re  so spread t h a t  it i s  impossible t o  detect  
l oca l i zed  areas t h a t  operate a t  s l i g h t l y  higher o r  lower than normal d i s s i -  
pat ions.  
ra tes of d i s c r e t e  components, and the areas surrounding these components, 
when the  components a re  subjected t o  pulsed power operat ion.  The purpose 
We therefore i n i t i a t e d  work t o  determine the  heat ing and coo l ing  
o f  t h i s  evaluat ion was t o  determine the  optimum scanning speeds and pulse 
rates necessary t o  i s o l a t e  de fec t ive  areas. 
4.2.1 Evaluat ion Vehic le  
The veh ic le  u t i l i z e d  f o r  these evaluat ions was a 35 x 35 m i l 2  ch ip  
conta in ing several d i f f e r e n t  r e s i s t o r s  o f  var ious phys ica l  s izes and 
res is tance values which are independently connected t o  the  external  terminals  
o f  a 1/411 x 1/411 metal bottom f l a t  pack. The veh ic le  i s  shown i n  Figure 4.1. 
4.2.2 I n i t i a l  Evaluat ion 
The i n i t i a l  eva luat ion consisted o f  pu l s ing  DC power i n t o  a d i s c r e t e  
d i f f used  r e s i s t o r  and measuring the  r a t e  of temperature increase and the  
r a t e  o f  temperature decrease immediately over the res is to r ,  10 m i l s  from the  
res is to r ,  and 20 m i l s  from the  res i s to r .  In  t h i s  evaluat ion the  component 
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was supported only  by i t s  external  leads and the heating and cool ing rates 
determined a re  referenced t o  f ree  a i r .  
FIGURE 4.1. Photomicrograph o f  35 35 M i l 2  Chip 
U t i  1 ized f o r  Heating and Cool ing Rate Evaluation. 
The Resistors U t i 1  ized i n  the Evaluation are  Indicated 
by Numbered A r r o w s .  
The data derived dur ing t h i s  evaluat ion was obtained by using r e s i s t o r  R-8  
o f  Figure 4.1 and i s  shown i n  Figures 4.2, 4.3, and 4.4. 
A second evaluat ion was performed w i t h  the same device mounted on 
a heat s i n k  and the data derived from t h i s  p o r t i o n  of the evaluat ion 
i s  shown i n  Figures 4.5, 4.6 and 4.7. 
i n i t i a l  heating and coo l ing  f i t s  an equation o f  the form: 
In both o f  the above cases the 
49 3 
* b  t = A  
where t = t ime i n  seconds a f t e r  t he  ins tan t  power i s  turned on o r  o f f  
A = an exper imenta l ly  der ived constant 
8 = the  temperature i n  OC 
b = an exper imenta l ly  der ived constant i n  the  range o f  9 t o  1 1  
A f t e r  the f a s t  i n i t i a l  r i s e  or f a l l  o f  temperature, t he  r a t e  o f  change 
becomes very gradual and the equation f a i l s .  Figure 4.8 ind icates the  
operat ing temperature a t  t he  three locat ions a t  various times a f t e r  the 
turn-on o f  the power pulse. It i s  observed from these curves t h a t  when 
the  device i s  d i s s i p a t i n g  t o  f r e e  a i r ,  increased t ime resu l t s  i n  "b lu r r ing"  
o f  loca l  ized hot spots, but  when the device i s  mounted on a heat sink, 
increased t ime r e s u l t s  i n  enhancement o f  the loca l i zed  hot spot, and the 
t ime requi red f o r  the  device t o  reach i t s  maximum temperature i s  much 
shor te r  than w i t h  the  device d i s s i p a t i n g  t o  f r e e  a i r .  
It should be noted t h a t  i n  the  case of these measurements, t he  s i l i c o n  
ch ip  was mounted i n  a metal bottom f l a t  package, which has r e l a t i v e l y  good 
thermal t rans fer  charac ter is t i cs ,  i f  another package, w i t h  a higher 
c o e f f i c i e n t  o f  thermal conduction were mounted on a heat sink, enhancement 
of l oca l i zed  hot spots w i t h  t ime would no t  occur t o  the  same extent.  
Th is  data ind icates t h a t  l oca l i zed  hot spots can be enhanced by 
operat ing the  device on a heat s ink .  It a l s o  ind cates t h a t  when the  device 
i s  heat sinked the  maximum operat ing temperature 
seconds a f t e r  t he  a p p l i c a t i o n  o f  t he  power pulse. 
operat ing the  device on a heat s i n k  i s  t h a t  a t  t he  normal d i s s i p a t i o n  leve ls  
o f  most in tegrated c i r c u i t s  t he  operat ing temperature o f  the  device i s  c lose 
s achieved about 0.10 
The d i f f i c u l t y  w i t h  
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t o  room temperature, the lower l i m i t  o f  the temperature de tec t ion  c a p a b i l i t y  
of exist ing i n f ra red  equipment. However, i f  small l oca l i zed  defects e x i s t  
t h a t  cause loca l i zed  h igh energy densi t ies,  and therefore temperatures 
several degrees higher than surrounding areas, the data presentzed thus f a r  
i n  t h i s  evaluat ion ind ica ted  t h a t  the loca t ion  o f  these defect  areas should 
be enhanced by pulsed operat ion o f  "heat sinked" devices dur ing the in f rared 
evaluat ion.  We there fore  continued t h i s  evaluat ion t o  v e r i f y  t h i s  
i nd i ca t i on  by determining the  r a t e  o f  r i s e  and f a l l  o f  temperature i n  smal ler  
areas than r e s i s t o r  R-8. 
4.2.3 Evaluat ion o f  Heatinq When Power i s  Dissipated i n  More than One 
Component on the  Chip 
The evaluat ion consisted o f  measuring the r a t e  o f  r i s e  i n  temperature 
upon the a p p l i c a t i o n  o f  DC power and the r a t e  o f  f a l l  i n  temperature upon 
the  removal o f  the power. These measurements were performed a t  several 
power levels, f i r s t  w i t h  a l l  o f  the  power being d ssipated i n  a s i n g l e  
r e s i s t o r  (R4) and then w i t h  the power being equal y d iv ided between two 
r e s i s t o r s  (R4 and R7) on opposi te sides o f  the  ch p. (See F igure 4.1). The 
r a t e  o f  change i n  temperature was monitored a t  three ch ip locat ions:  
a. a t  the  center  o f  r e s i s t o r  R4 
b. 10 m i l s  from r e s i s t o r  R4 along i t s  perpendicular b i sec to r  
c. 20 m i l s  from r e s i s t o r  R4 along i t s  perpendicular b i sec to r .  
The above measurements were made w i t h  the  device on 25OC and 4OoC heat 
s inks.  The data obtained from t h i s  eva lua t ionare  shown i n  Figures 4.9 
through 4.11. 
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4.2.4 Heating and Coolinq Rate Data 
From Figures 4.9 and 4.10, t he  i n i t i a l  r i s e  i n  temperature upon 
app l i ca t i on  o f  power i s  q u i t e  rap id;  so a l so  i s  the i n i t i a l  f a l l  i n  tempera- 
t u r e  upon removal o f  power. The rap id  r i s e s  and f a l l s  are fol lowed by more 
gradual changes w i t h  t ime as the  upper o r  lower temperature extremes are  
approached. Comparison o f  Figures 4.9 and 4.10 show t h a t  the  rates o f 4 r i s e  
and f a l l  i n  temperature are  greater  f o r  devices mounted on a heat s ink .  As 
was the  case when power was d iss ipa ted  i n  a s i n g l e  element, t he  i n i t i a l  
r i s e  and f a l l  o f  temperature when power i s  d iss ipa ted  in components on 
opposi te sides o f  the  chip, can be described by the equation: 
b t = A 8  
where t = t ime a f t e r  t he  app l i ca t i on  or removal o f  power 
8 = temperature i n  OC a t  the p o i n t  o f  measurement 
A and eb = constants determined by the  packaging and power leve l  
appl ied. 
Figures 4.9 and 4.10 a l s o  show t h a t  t he  f i n a l  maximum operat ing 
temperature o f  the device i s  decreased as the area i n  which power i s  being 
d iss ipa ted  i s  increased. This  can be observed by comparing the  heat ing 
o f  a device where a given amount o f  power i s  d iss ipa ted  i n  a s i n g l e  res 
t o  the heat ing r a t e  o f  the same device when the  same amount o f  power i s  
d iv ided between two res i s to rs .  D iv id ing  the  t o t a l  power between compon 
r a t e  
s t o r  
equal l y  
n t s  
a l s o  reduces the r a t e  o f  heat ing t h a t  i s  obtained when the  power i s  d iss ipa ted  
i n  a s i n g l e  component. Figure 4.11 shows the  change w i t h  t ime i n  the  
measured temperature d i f fe rences  between r e s i s t o r  R4 and po in ts  10 and 20 
ong i t s  perpendicular b i sec to r  when power i s :  
ed on ly  t o  R4, and 
y d iv ided between R4 and R7. 
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m i l s  from R4 a 
a. suppl 
b. equal 
The s ign i f i cance  o f  these curves i s  t h a t  they ind ica te  the  la rges t  
gradients  across the  ch ip  genera l ly  occur a t  per iods o f  less than 0.2 seconds 
a f t e r  t he  appl i c a t i o n  o f  power regardless whether the package i s  heat sinked 
o r  not .  Also, t he  gradient  across the  ch ip  i s  smal ler  when power i s  d iv ided 
between components on opposi te sides o f  the ch ip  than when power i s  d iss ipa ted  
i n  a s i n g l e  element i n  the  chip.  
4.2.5 In f ra red  Scanninq Considerations 
Because the  maximum gradients occur s h o r t l y  a f t e r  t he  appl i c a t i o n  o f  
power, l oca l i zed  hot spots should be most e f f e c t i v e l y  located by performing 
an i n f ra red  scan between 0.1 and 0.2 seconds a f t e r  the  i n i t i a t i o n  o f  the  
heat ing pulse. However, t he  instantaneous r a t e  o f  increase i n  temperature 
even a t  0.2 seconds a f t e r  t he  appl i c a t i o n  o f  power can be as la rge  as  4OoC/ 
sec. f o r  devices mounted on heat s inks.  This  r a t e  o f  temperature change 
d i c ta tes  very h igh  scanning rates i f  the scans are t o  be completed before 
device temperatures change by an amount equal t o  the  temperature reso lu t i on  
of a t y p i c a l  i n f ra red  system. For example, i f  - d e = 40°C/sec, then it 
would requ i re  on ly  12.4 mi l l iseconds before the temperature i n  the  heat 
source area changed by 0.5OC, (0.5OC i s  t y p i c a l  temperature s e n s i t i v i t y  
f o r  i n f ra red  microscope temperature detect  ion systems). The scanning r a t e  
d t  
and the  minimum system response required f o r  0.3 m i l  s p a t i a l  reso lu t i on  
2 systems t o  scan a 50 x 50 m i l  ch ip  would be about 900 inches per  second and 
40 nanoseconds, respect ive ly .  For an 0.8 m i  s p a t i a l  reso lu t i on  system the  
scanning r a t e  requi red would be approximate y 320 inches/second and the  
required system response would be 0.2 psec. 
beyond cur ren t  technologyo 
Both o f  these systems are  
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The maximum scanning r a t e  o f  the  NASA Fast Scan Microscope i s  35 inches/ 
sec, which d i c ta tes  a s p a t i a l  reso lu t i on  o f  7 m i l s  t o  completely scan a 
50 x 50 m i l  ch ip  i n  0.01 seconds. To s a c r i f i c e  s p a t i a l  reso lu t i on  w i l l  
r e s u l t  i n  loss of thermal d e t a i l  because the  temperature obtained i n  a 
s i n g l e  b i t  i s  a func t ion  o f  the integrated average o f  the r a d i a t i o n  emi t ted 
from the  b i t  area. The Ph i l co  Thermal P l o t t e r  i s  capable o f  0.3 m i l  s p a t i a l  
reso lu t i on  but  The 
s i n g l e  a l t e r n a t i v e  w i t h  the equipment p resent ly  ava i l ab le  i s  t o  permi t  the  
device being examined t o  achieve thermal equ i l i b r i um and t o  perform the  
scan w i t h  the  best s p a t i a l  reso lu t i on  possible, t o  ob ta in  the  maximum 
2 
i s  l i m i t e d  t o  a maximum scanning r a t e  o f  50 mi ls/sec.  
t herma 
system 
4.2.2) 
la rge  
de f i n i t i on ,  and a t  t he  fas tes t  scanning speed consis tent  w i t h  the  
s reso lu t i on  and response. Data prev ious ly  reported (see Sect ion 
ind icated t h a t  thermal gradients on heat s inked devices were r e l a t i v e l y  
f they were measured a t  periods less than 0.1 seconds a f t e r  the  
i n i t i a t i o n  o f  the  power pulse, bu t  s ince scanning a t  ra tes h igh  enough t o  
observe these gradients  i s  impossible, t h i s  f a c t  i s  inconsequential.  A s  
ind icated i n  Figure 4.11, there i s  no p a r t i c u l a r  advantage t o  heat s ink ing  
a device t o  enhance gradients when the device i s  permi t ted t o  approach 
thermal equi l ibr ium.  As t he  device approaches thermal equi l ibr ium, the  
gradients  i n  a device d i s s i p a t i n g  t o  f r e e  a i r  a re  almost as la rge  as those 
observed i n  a device t h a t  i s  mounted on a heat s ink.  The use o f  a heat s ink 
then i s  no t  deemed des i rab le  because: 
a. It reduces the  operat ing temperature and there fore  degrades the  
temperature s e n s i t i v i t y  o f  the system. This i s  demonstrated i n  
Figure 4.12, a t y p i c a l  c a l i b r a t i o n  curve f o r  a Si02 surface, where 
the change i n  output s igna l  per u n i t  change i n  temperature i s  much 
less f o r  low temperatures than f o r  h igh  temperatures. 
4.18 

b. Poor thermal contact  between the  heat s ink  and the  device can r e s u l t  
i n  erroneous data because o f  ine f fec t i ve  heat t r a n s f e r  paths due 
t o  a i r  gaps a t  the  in ter face o f  package and heat s ink.  
4.2.6 Optimum In f ra red  Scanning Condit ions 
Based on the  data presented i n  the  foregoing, the  optimum i n f r a r e d  
scanning condi t ions f o r  the e x i s t i n g  equipment are: 
a. The device should d i ss ipa te  power t o  f r e e  air,  provided precaut ions 
a re  taken t o  prevent room a i r  currents  from passing over the  device 
under eva 1 ua t i on. 
b. The device should be permi t ted t o  achieve thermal equ i l ib r ium.  
c. The system should u t i 1  i ze  an o p t i c a l  system having h igh s p a t i a l  reso- 
lu t ion ,  and the scans should be accompl ished a t  the maximum r a t e  
poss ib le  consis tent  w i t h  response and reso lu t i on  of the  system. The 
higher s p a t i a l  reso lu t i on  lens systems, however, have r e l a t i v e l y  
shal low depths of f i e l d ,  there fore  the  lens system should be se lected 
so  t h a t  focus i s  maintained across the  e n t i r e  surface o f  t he  device, 
desp i te  the  f a c t  t h a t  device surface cannot be a l igned p e r f e c t l y  
perpendicular t o  the  o p t i c a l  ax is .  For scans 50 m i l s  i n  length, 
0.3 m i l  r eso lu t i on  i s  recomnended. 
4.3 POWER DENS ITlES REQUIRED TO DETECT LOCALIZED HEATING 
Calcu lat ions were made t o  determine approximate power dens i t ies  requi red 
i n  l oca l i zed  areas t o  cause s u f f i c i e n t  l oca l i zed  heat ing t o  permi t  i n f ra red  
de tec t ion  o f  the  e f f e c t .  
for  conduct ive heat t r a n s f e r  t o  determine thermal res is tance values as a 
func t ion  o f  heat source areas located near the  top surface o f  a s i l i c o n  
The procedure u t i 1  ized was t o  so lve the  equat ion 
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chip.  .The f i n a l  assumption was t h a t  the package was mounted on an i n f i n i t e  
heat s i n k  maintained a t  25OC. These assumptions, together w i t h  the  package 
and ch ip  thickness considered i n  the  ca lcu la t ions  are shown i n  F igure 4.13. 
The t h e r r - 1  res is tance.va lues determined as a r e s u l t  o f  these ca l cu la t i ons  
together w i t h  some exper imenta l ly  determined values are p l o t t e d  as a func t i on  
o f  heat source area i n  F igure 4.14. 
The ca lcu la ted  thermal resistance values were used t o  est imate the  power 
densi ty  requi red t o  cause an i n f r a r e d  observable temperature increase because 
o f  a l oca l i zed  device defect .  The estimated power dens i t ies  requi red t o  cause 
a temperature increase o f  l°C and 3OC a re  shown as a func t ion  o f  heat source 
area i n  F igure 4.15. When the  heat source area i s  smal ler  than the reso lu t i on  
o f  the i n f ra red  system, the estimated power dens i t ies  have t o  be increased t o  
compensate f o r  the  i n teg ra t i on  o f  the  emi t ted rad ia t i on  over the  f i e l d  o f  
view. This  Compensation has been made i n  Figure 4.15. 
Based on the  measured and ca lcu lated values o f  thermal resistance, i t  
should be poss ib le  t o  observe loca l  ized heat ing a t  cons t r i c t i ons  i n  d i f f used  
r e s i s t o r s  i f  the c o n s t r i c t i o n  reduces the r e s i s t o r  t o  about one h a l f  o f  the  
normal width.  Currents of213 mA i n  a 1 m i l  wide r e s i s t o r  should produce a grad- 
ien t  o f  about 3OC a t  the  cons t r i c t ion ,  w i t h  respect t o  the unconst r ic ted por- 
t i o n  of t he  res is to r ,  when the  ch ip  i s  mounted i n  a TO-5 package i n  f r e e  a i r .  
Current leve ls  between 30 and 40 mA should induce a 3 O C  r i s e  a t  the  cons t r i c -  
t i o n  i n  a s i m i l a r  cons t ruc t ion  when the ch ip  i s  mounted i n  a metal bottom 
f l a t  pack, operat ing on a 25OC heat s ink.  Pub1 ished repor ts  have ind icated 
t h a t  l oca l i zed  heat ing occurs a t  cons t r i c t i ons  i n  m e t a l l i z a t i o n  pat terns 
provided the cur ren t  dens i ty  i n  the cons t r i c ted  area i s  about 1 x 10 6 
amperes/cm2. Estimates o f  the  amount o f  cur ren t  required t o  cause 
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Eutet i c  Chip t o  
header Bond \ 
Ls = length o f  one s ide  o f  square heat source 
Ls i  = 7 m i l s  (Case 1 )  
10 m i l s  (Case 2) 
Assumed Extent o f  hea 
KOVAR F l a t  Package Base 
Thermal Resistance, j unc t i on  t o  case i s  defined as the sum o f  the 
ind iv idua l  thermal resistances &). 
a j c  = <i +/Pkg Peutetic bond 
feutet ic bond Assumed Negl i g  i b l e  
The thermal res is tance o f  each mater ia l  i n  the heat path was determined by 
so lv ing the equation f o r  conductive heat f low f o r  various heat source areas 
and mater ia l  thicknesses. 
1 
px k A  L 
where A i s  the thermal res is tance o f  a spec 
K x  i s  a mater ia l  constant 
A i s  the e f f e c t i v e  thermal cross sect 
L i s  the  length o f  the  heat path 
q i s  the quan t i t y  o f  heat energy 
f i c  mater ia l  
on 
AT i s  the d i f f e rence  i n  temperature (OC) between the heat 
source and the heat s ink  
FIG.4.13. -  Model Used f o r  Ca lcu la t ion  o f  Approximate Thermal Resistances. 
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detectable heating a t  shor ts  through the  Si02 under m e t a l l i z a t i o n  pa t te rns  
because of pinholes, ind ica te  tha t  t h i s  type of defect would not  be detected 
unless abnormally large currents  were used, o r  there was a considerable 
resistance a t  the s i l i c o n - m e t a l l i z a t i o n  in ter face.  
4.4 EFFECT OF POWER DENS ITY ON OPERATING TEMPERATURE 
An in f ra red  evaluat ion was performed t o  determine the e f f e c t  on the 
maximum operat ing temperature o f  devices by concentrat ion o f  the heat source 
area i n  the chip. 
tantalum t h i n  f i l m  res i s to rs  sputtered on the thermal ly  grown oxide o f  a 
s i l i c o n  ch ip  was assembled i n t o  a l k l e a d  metal bottom f l a t  pack. The 
veh ic le  i s  shown in  Figure 4.16 and the surface area o f  each of the r e s i s t o r s  
i s  indicated below the f igure .  
To perform the evaluat ion a veh ic le  conta in ing several 
FIGURE 4.16 - Thin F i l m  Resis tor  Test Vehicles. 
The r e s i s t o r  areas are: 
R 1  0.5 x 3 = 1.5 sq. m i l s  R 3  3 x 3 = 9 sq. mils 
R2 1 x 3 = 3 sq. m i l s  R4 0.5 x 18 = 9 sq. m i l s  
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4,4.1 Procedure 
The evaluat ion vehic les were soldered i n t o  a p r i n t e d  c i r c u i t  board. 
Several DC power l eve l s  were then appl ied t o  one o f  the r e s i s t o r s  sputteredon- 
t o t h e  chip. The h o t t e s t  area on the r e s i s t o r  was determined by i n f r a r e d  
scanning the  e n t i r e  chip. Emitted r a d i a t i o n  measurements were then made a t  
t he  h o t t e s t  point, w i t h  the use o f  the Thermal P lo t te r ,  f o r  each appl ied DC 
power leve l .  The r a d i a t i o n  measurements were converted t o  temperature w i t h  
the use of a c a l i b r a t i o n  curve, and the temperature obtained was p l o t t e d  
against  the appl' ied DC d i s s i p a t i o n .  (See Figure 4.17.) The procedure 
was repeated f o r  each ind i v idua l  r e s i s t o r .  The thermal res is tance was 
determined f o r  t he  various r e s i s t o r  areas by c a l c u l a t i n g  the slope o f  the 
curves o f  operat ing temperature versus d i s s  ipa t  ion. 
4.4.2 Conclusions 
From the data obtained dur ing t h i s  evaluation, the curve o f  therm& 
resistance versus heat source area was p l o t t e d  (Fig. 4.18).. 
t h a t  the thermal resistance, and hence the maximum operat ing temperature a t  
a given power level ,  increases w i t h  decreasing area o f  res i s tov  surface. 
T h i s  curve shows 
The data a l s o  i nd i ca te  t h a t  f o r  s t r a i g h t  l i n e  r e s i s t o r s  the thermal 
res is tance i s  apparent ly a func t i on  o f  surface area only  (not geometry) 
because the thermal resistance obtained f o r  r e s i s t o r s  R3 and R4 i s  e s s e n t i a l l y  
t he  same i n  s p i t e  o f  the d i f f e r e n c e  i n  the  geometry o f  the r e s i s t o r s .  R3 Is 
a 3 x 3 mi12res is tor  and R4 i s  a 0.5 x 18 mi12resistor.  Concentration o f  
power i n  any s i l i c o n  ch ip should have a s i m i l a r  e f fec t ,  and the re fo re  reduct ion 
i n  geometric s i z e  w i l l  l i m i t  t he  power handling c a p a b i l i t y  o f  any in tegrated 
c i r c u i t  t o  a leve l  dependent upon the power d i ss ipa t i on /s i ze  r a t i o  o f  the 
d 
worst designed component i n  the  integrated c i r c u i t .  
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Res i s t o r  R1 
1.5 s q .  m i l  a r e a  
/ 
I 
Resistor R 2  
~3 sqo m i l  area 
Reistor  R3 and R4 
9 sq.  m i l  ai  
FIGURE 4.17 - Operating temperature v s .  d iss ipa t ion  f o r  tantalum t h i n  f i l m  
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FIGURE 4.18 - Thermal Resistance v s .  Heat Source Area. 
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4.5 EFFECT OF MULTIPLE C H I P  PACKAGING ON DEVICE OPERATING TEMPERATURE 
Because heat source area had such a considerable e f f e c t  on thermal 
resistance, it was decided t o  assess the e f f e c t  m u l t i p l e  ch ip  packaging would 
have on the  maximum operat ing temperature o f  a device assembled. 
To accompl i s h  t h i s ,  chips o f  t he  same type as shown i n  F igure 4.16 
were assembled i n t o  14-lead metal bottom f l a t  packs. Some o f  t he  packages 
used i n  t h i s  evaluat ion contained on ly  a s ing le  ship, others contained 2 chips 
and s t i l l  others contained 3 chips. 
To 
4.5.1 Procedure 
The t e s t  vehic les were soldered i n t o  p r i n t e d  c i r c u i t  boards and tempera- 
t u r e  measurements were made a t  several power leve ls .  In . the  case. o f  s i n g l e  
ch ip  packages the  t o t a l  power was d iss ipa ted  i n  on ly  one chip, f o r  packages 
conta in ing two and three chips, t he  t o t a l  package power was equa l ly  d iv ided 
between the  chips i n  the  package. Resis tor  R 1  was u t i 1  ized as the  heat ing 
element on each chip. 
determined, and thermal res is tance values from p l o t s  o f  the  maximum operat ing 
temperature versus t o t a l  package d i s s i p a t i o n  were determined f o r  each 
packaging conf igura t ion .  This  informat ion i s  depicted i n  Figure 4.19. Color 
modulated i n f ra red  scans were a l s o  made of  the  backs o f  t he  packages dur ing 
the  t ime the  chips were d i s s i p a t i n g  power. 
The ho t tes t  operat ing temperature i n  each package was 
4.5.2 Observations 
It was found t h a t  the  t o t a l  power d i s s i p a t i o n  i n  each package could be 
increased wh i l e  mainta in ing a given maximum operat ing temperature by d i v i d i n g  
the  t o t a  
i t  was a 
power d i s s i p a t i o n  between d i f f e ren t  chips i n  the  assembly. But 
so found t h a t  there  was an i n te rac t i on  between the  power d i s s i p a t  on 
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FIGURE 4.19 - Thermal e f f e c t s  o f  multiple chip packaging 
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i n  one ch ip  and the  heat ing o f  another. Th is  informat ion i s  p l o t t e d  i n  F igure 
4.19 which shows the  e f f e c t i v e  t o t a l  package thermal res is tance when the  
package contains 1, 2 o r  3 chips, and the thermal i n te rac t i on  between chips 
when the  t o t a l  package d i s s i p a t i o n  i s  shared.equa11y.by a l l  o f  the 
chips i n  the  package. The e f f e c t  o f  t he  thermal i n te rac t i on  between i n d i v i -  
dual chips i n  a s ing le  package i s  shown i n  Figures 4.20 through 4.26. These 
f igures  show a photomicrograph o f  the  ch ip  arrangement i n  a package and the  
i n f ra red  scan &de o f  t he  package back. 
t i o n s  between the  chips were s u f f i c i e n t l y  large, hot spots were observed 
under each ch ip  and cooler  areas were observed between each chip. 
t he  ch ip  separat ion was reduced, cool  areas between the  chips were no t  
observed. This  type o f  informat ion can be o f  s i g n i f i c a n t  value i n  the  design 
and q u a l i f i c a t i o n  o f  mu l t i ch ip  M S I  o r  LSI devices. 
The scans show t h a t  when the  separa- 
When 
4.6 EVALUATION OF DEVICES WHICH E X H I B I T  POOR CHIP-TO-HEADER BONDING 
Several devices t h a t  were shown by radiographic inspect ion t o  conta in  
voids i n  the  chip-to-header bond were subjected t o  i n f ra red  evaluat ion.  
The vo id  area i n  these devices var ied  between 50 t o  80 percent o f  the t o t a l  
ch ip  area. 
4.6.1 Procedure 
Two d i f f e r e n t  evaluat ion procedures were u t i l i z e d .  The f i r s t  procedure 
was t o  place the back o f  the package i n  in t imate contact  w i t h  a heat source 
maintained a t  about 100°C and, a f t e r  s u f f i c i e n t  s t a b i l  i z a t i o n  time, photo- 
graph the co lo r  threshold d isp lay  obtained w i t h  the  rad ia t i 6n 'de tec t i on  
equipment. The second procedure d i d  not  use the heat source; power was 
suppl ied t o  the device through an e l e c t r i c a l  t e s t  socket, and a photograph 
o f  the c o l o r  threshold d isp lay  was prepared. 
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FIGURE 4.20. Photom 
s ing le  ch ip  assembly 
crograph of  a FIGURE 4.21, Color modulated in f ra red  
scan of a s ing le  ch ip  assembly a t  a 
t o t a l  package d i ss ipa t i on  o f  600 mW. 
FIGURE 4.22. Photomicrograph of  a FIGURE 4e23. Color modulated in f ra red  
double ch ip  assembly. scan o f  a double ch ip  assembly a t  a 
t o t a l  package d i ss ipa t i on  o f  600 mW-- 
thermal separation i s  v i s i b l e  between 
the  chips. 
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FIGURE 4.24. Photomicrograph o f  a triple chip 
assemb 1 y o  
FIGURE 4.25. Color modulated infrared scan of a 
No thermal 
triple chip assembly at a total package 
dissipation of 600 mW. 
separation is visible between the chips. 
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4.6.2 Data and Discussion 
When heat was suppl ied t o  the  back o f  t he  device from a heat source, 
the areas above the  we l l  bonded po r t i on  o f  the  ch ip were found t o  be as 
much as 6 ' ~  h o t t e r  than the  areas over the  unbonded por t ions  o f  t he  chip. 
This  e f f e c t  i s  i l l u s t r a t e d  i n  Figures 4.26, 4.27 and 4.28. Figure 4.26 
i s  a radiograph o f  the device dep ic t ing  the voids i n  the  chip-to-header 
bond. 
obtained when heat was suppl ied t o  the back of the  package and depic ts  
the  h o t t e r  areas o f  the ch ip as those areas immediately over the  we l l  bonded 
por t ions  o f  the  chip.  
d i sp lay  obtained when power was d iss ipated i n  the ch ip  and depic ts  the  cooler  
areas o f  the  ch ip  as those immediately over the  we l l  bonded por t ions  o f  t he  
device. These e f f e c t s  a re  as one would p r e d i c t  because the  w e l l  bonded 
areas a c t  as the  most e f f i c i e n t  heat t r a n s f e r  paths, e i t h e r  f o r  conducting 
heat from an ex terna l  source i n t o  the  s i l i c o n  ch ip  or, when power i s  
d iss ipa ted  i n t e r n a l  t o  the  chip, from the  ch ip  t o  an external  heat s ink.  
Figure 4.27 i s  a photograph o f  the co lo r  modulated d isp lay  
Figure 4.28 i s  a photograph o f  the c o l o r  modulated 
Ear ly  in tegrated c i r c u i t s  d i d  no t  normal ly d i ss ipa te  appreciable 
power, and provided the chip-to-header bond was s u f f i c i e n t l y  s t rong t o  
wi thstand the  mechanical stresses imposed on devices, voids were no t  genera l l y  
very important from a r e l i a b i l i t y  standpoint. I f  vo id c r i t e r i a  were 
considered a re1 i a b i l  i t y  r isk, procurement spec i f i ca t i ons  requi red a 100% 
radiographic examination screen t o  remove devices t h a t  exh ib i ted  ch ip- to-  
header bond voids. 
One o f  t he  cur ren t  trends i n  indust ry  i s  toward Large Scale In teg ra t i on  
( L S I )  o r  Medium Scale In teg ra t i on  ( M S I ) .  Th is  t rend resu l t s  i n  devices w i t h  
s i g n i f i c a n t l y  reduced geometry and increased l o g i c  funct ions per chip.  
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FIG. 4.26. Radiograph o f  device e x h i b i t i n g  poor chip-to-header bonding. 
FIGURE 4.27. Color modulated in f rared FIGURE 4.28. Color modulated in f rared 
d i sp lay  o f  device whose radiograph d i sp lay  o f  device whose radiograph 
appears i n  F igure 4,26, In f ra red  appears i n  Figure 4.26. In f ra red  
d isp lay  was made dur ing the  t ime the  d i sp lay  was made dur ing the t ime the 
device was r e s t i n g  on a heat source. device was d i ss ipa t i ng  power. The 
The h igh temperature areas (whi te areas) h igh temperature areas on the ch ip  
on the  ch ip  correspond t o  the we l l  correspond t o  the areas over the 
bonded p o r t i o n  o f  the  chip-to-header voids i n  the chip-to-header bond. 
bond. 4.35 
Ind ica t ions  a re  t h a t  t h i s  w i l l  increase the o v e r a l l  r e l i a b i l i t y  o f  a system, 
p r i m a r i l y  because the  numbe 
w i  1 1  be considerably reduced. However, t h i s  reduct i o n  i n  geometry and increase 
o f  w i re  bonds and external  e l e c t r i c a l  connections 
i n  ch ip  complexi ty a l s o  r e s u l t s  i n  much higher power dens i ty  i n  such devices. 
It i s  no t  uncomnon t o  discuss LSI devices t h a t  d i ss ipa te  as much as 900-1000 
mW. If  these devices are  t o  be t r u l y  re l i ab le ,  chip-to-header bonds must be 
v i r t u a l l y  vo id  f r e e  t o  permi t  e f f i c i e n t  heat t ransfer ,  and the  device package 
must a l s o  o f f e r  a low thermal impedance. H i s t o r i c a l l y ,  copper has been one 
o f  the  mater ia ls  most commonly used t o  ob ta in  a low package thermal impedance: 
I f  it i s  necessary t o  u t i 1  ime copper o r  another h igh atomic number materia1 
fo r  packages t o  insure low thermal resistances f o r  LSI o r  M S I  devices, then 
rad iographic  techniques f o r  the de tec t ion  o f  chip-to-header bond voids w i l l  
not  be e f f e c t i v e .  
be an e f f e c t i v e  100% screening procedure f o r  the  removal o f  devices w i t h  
header bond defects .,
In f ra red  de tec t ion  techniques as described above would 
4.7 EVALUATION OF DEVICES WITH MICROSCOPICALLY VISIBLE PHOTOLITHOGRAPHIC 
AND OTHER DEFECTS 
During the  course o f  t h i s  contract ,  m i c r o c i r c u i t  devices which had 
f a i l e d  s t r i n g e n t  preseal v i sua l  inspect ion c r i t e r i a ,  were c o l l e c t e d  and 
subjected t o  eva lua t ion  t o  determine which o f  these devices would e x h i b i t  
i n f ra red  i nd i ca t i on  o f  the abnormal i t y .  It must be remembered, however, 
t h a t  devices which f a i l  preseal inspect ion c r i t e r i a  a re  no t  genera l l y  
de fec t i ve  devices, but  are devices which conta in  v i sua l  descrepancies 
t h a t  may poss ib ly  represent re1 i a b i l  i t y  hazards. Work done by Philco-Ford 
under Contract AF30 (602)-67-~-0 1 53, Qua 1 i t y  Defects i n  In tegrated C i rcu  i t s  
f o r  the  Rome A i r  Development Center, ind icated t h a t  on ly  20 o f  approximately 
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800 devices which d i d  no t  pass e 2 . 5 % )  s i m i l a r  in te rna l  v isua l  inspect ion 
c r i t e r i a  f a i l e d  dur ing subsequent screening and accelerated tes t i ng .  
o f  t h i s  informat ion the  100 v i s u a l  r e j e c t s  which we obtained were rescreened 
and on ly  those which exh ib i ted  r e l a t i v e l y  gross defects  were subjected t o  
in f ra red  scanning. 
Because 
4.7.1 Scanninq Procedures and Results 
Approximately 10 in tegrated c i r c u i t  devices which exh ib i ted  abnormal i t ies  
i n  r e s i s t o r  d i f f u s i o n s  because o f  photo l i thograph ic  defects were evaluated. 
The procedure u t i l i z e d  dur ing t h i s  evaluat ion was t o  supply power t o  the  
r e s i s t o r  and record w i t h  an X-Y  p l o t t e r  the  emi t ted in f ra red  r a d i a t i o n  
s ignal  a long a s ing le  scan 1 ine down the center o f  the  r e s i s t o r .  The Y 
ax is  o f  the  p l o t t e r  was used t o  record the i n f ra red  generated s igna l  and the 
X ax is  o f  the  p l o t t e r  was used t o  record the  p o s i t i o n  on the  r e s i s t o r  from 
which the  i n f r a r e d  s igna l  was generated. Typical  examples a re  discussed 
below. 
. 
In one o f  the  devices (see Figure 4.29) the  defect  was a spurious 
d i f f us ion  which decreased the nominal w id th  o f  the  r e s i s t o r  in a l oca l i zed  
area. The scans d i d  no t  produce any i nd i ca t i on  o f  abnormal heating. 
In  another device the  defect  resu l ted  i n  a s l i g h t  c o n s t r i c t i o n  o f  the  
r e s i s t o r  w id th  a t  an angle p o i n t  (see Figure 4.30). The scans made on 
t h i s  r e s i s t o r  ind icated t h a t  the  c o n s t r i c t i o n  caused a small  amount o f  
loca l i zed  heating. I t  i s  conjectured t h a t  t he  loca t ion  of t he  c o n s t r i c t i o n  
a t  the  angle p o i n t  i n  the  r e s i s t o r  i s  the reason f o r  the small amount o f  
loca l i zed  heat ing t h a t  was obser ed. 
Another device conta in ing a d i f fused r e s i s t o r  w i t h  a spurious d i f f u s i o n  
shunting the  d i f f used  r e s i s t o r  y elded a s l i g h t  i nd i ca t i on  o f  reduct ion i n  
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FIGURE 19-29 
Di f fus ion  Defect Along Length o f  Res i s t o r  
FIGURE 4,30 
D i f f u s  ion Defect a t  Angle Po in t  i n  Res i s t o r  
operating temperature a t  the p o i n t  where the r e s i s t o r  was shunted. Other 
devices t h a t  were evaluated tha t  d i d  no t  g ive  any i nd i ca t i on  o f  l oca l i zed  
heating were devices w i t h  poss ib le  p inhole defects, devices conta in ing under- 
etched contact cuts,gdevices w i t h  r e l a t i v e l y  la rge  thermal oxide discrepancies. 
Although the devices conta in ing p inho le  defects t h a t  were examined 
dur ing the  course of t h i s  contract  d i d  no t  e x h i b i t  any i nd i ca t i on  o f  
abnormal in f rared rad iat ion,  work performed under another cont rac t  d i d  
demonstrate t h a t  pinholes can r e s u l t  i n  spurious cur ren t  f l ow  and abnormal 
heating. 
these defects, made w i t h  the  devices operating under s t ress  conditions, 
la rge  areas exh ib i ted  abnormal heating, A device e x h i b i t i n g  cracks on two 
cornets o f  the  ch ip  was scanned dur ing the time h igh  power was applied. 
Although the  cracks d i d  no t  have any e f f e c t  on the operation of the device, 
the defects were read i l y  v i s i b l e  i n  the co lo r  modulated in f ra red  scan (see 
On the  co lo r  modulated i n f ra red  d isp lays o f  the devices conta in ing  
Figure 4.31). 
FIGURE 4.31. Color modulated scan o f  a device w i t h  small cracks 
i n  the  chip, Thecracks were evident i n  the scan made 
w h i l e  the device was operating under s t ress condi t ions.  
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4.7.2 Discussion 
In general, most o f  the devices examined dur ing  t h i s  p a r t i c u l a r  
eva lua t ion  d i d  no t  y i e l d  any i nd i ca t i on  o f  l oca l i zed  heating. In  the few 
instances ind icated above where heating was observed, i t  was genera l l y  of a 
very low magnitude. This, however, on ly  demonstrated t h a t  most o f  the devices 
re jec ted  because o f  v isua l  defects  a re  no t  r e a l l y  re1 i a b i l  i t y  hazards, 
bu t  because the v i sua l  d i f f e rence  between those t h a t  a re  hazards and those 
t h a t  are not  i s  imposs i b l e  t o  d i s t i n g u i s h  dur ing  the inspect ion, therefore 
a l l  devices considered poss ib le  hazards are re jected.  The eva lua t ion  d i d  
p o i n t  out, however, t h a t  photo1 i t h  defects a t  angle po in ts  i n  r e s i s t o r s  
a re  more serious than p h o t o l i t h  defects along the s t r a i g h t  p o r t i o n  of the 
r e s i s t o r ;  t h a t  a l though not  a l l  po ten t i a l  pinholes a re  hazards, some can 
cause c i r c u i t  malfunct ions; and tha t  i n f ra red  techniques can detect  
cracked chips w i t h  a h igh degree o f  e f fec t i veness .  
4.8 LOCALIZED HEATING AT METALIZATION CONSTRICTIONS 
A sc ra tch  o r  o ther  c o n s t r i c t i o n  i n  the aluminum in terconnect ing 
metal i z a t i o n  p a t t e r n  on an in tegrated c i r c u i t  represents a severe re1 i a b i  1 i t y  
hazard when the c o n s t r i c t i o n  r e s u l t s  i n  a s u f f i c i e n t  increase i n  the  
cur ren t  dens i ty  t o  i n i t i a t e  mass migra t ion  o f  the aluminum. The r a t e  of 
mass migra t ion  o f  aluminum i s  a func t ion  o f  cur ren t  density, operat ing 
temperature and the temperature gradient  along the conductor s t r i p e .  
4.8.1 Test Vehicles and Procedure 
The devices u t i l i z e d  as t e s t  vehic les t o  evaluate the  thermal e f f e c t s  
of metal i z a t i o n  c o n s t r i c t i o n s  were double d i f f u s e d  e p i t a x i a l  p lanar  RTL dual 
3 input gates, w i t h  s ing le  layer  aluminum metal i za t ion .  The metal iza- 
t i o n  on these vehic les was i n t e n t i o n a l l y  scratched t o  s imulate the type of 
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damage t h a t  could occur t o  the  devices dur ing handl.ing a t  the assembly 
operation, and cur ren t  was forced t o  f low through the  scratched s t r i p e .  
The aluminum i n  the  bottom o f  the scratch was estimated t o  be 
2500 A t h i c k ; t h e  s t r i p e  was one m i l  wide. 
f lowing i n  the s t r ipe ,  l i n e  scans were made along the center o f  the  
s t r ipe ,  and the emi t ted r a d i a t i o n  along the length o f  the scan was recorded 
w i t h  the  use o f  an X-Y p l o t t e r .  
0 
During the  t ime cur ren t  was 
4.8.2 TEST RESULTS 
During our i n i t i a l  attempts t o  detect  heat ing a t  the  m e t a l l i z a t i o n  
scratch location, the  cur ren t  dens i ty  a t  t h a t  loca t ion  was approximately 
2 x 10 5 amperes/cm. Twelve s t r i p e s  were examined (2 s t r i p e s  i n  each o f  6 
devices) and no i nd i ca t i on  of heat ing was observed. 
.the scra tch  locat ions was then increased an order o f  magnitude, t o  about 
2 x 10 amperes/cm , and each o f  the  12 s t r  ipes examined showed loca 1 ized 
heat ing a t  the scra tch  locat ions.  
opened a t  the  scratch locat ion.  Examples o f  t y p i c a l  l i n e  scans a re  shown 
i n  Figures 4.32 and 4.33 together w i t h  photomicrographs o f  t he  devices. 
The cur ren t  dens i ty  a t  
6 2 
During the scanning, one o f  the  s t r i p e s  
The su rv i v ing  f i v e  devices, i n  which the  heat ing was observed, were 
then subjected t o  a 125OC Operational L i f e  Test. 
The l i f e  t e s t  c i r c u i t  was arranged so t h a t  cur ren t  dens i ty  i n  the  
6 2 scratch area was about 4 x 10 amperes/cm . A I  1 f i v e  devices f a i l e d  p r i o r  t o  
e l e c t r i c a l  measurements a f t e r  100 hours o f  t e s t  because o f  open meta l l  i z a t i o n  
a t  the  scra tch  l oca t i on  i n  the s t r i p e .  
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Thermal sp 1k.e a t  Thermal spike 
/ scratch locat  ion scratch loca t  
/ 
a t  
i on 
FIGURE 4.32. Line Scan Showing Heating a t  Metal 1 i z a t i o n  Scratch and 
Photomicrograph of Device of Which Scan was Made. 
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Thermal spike a t  Thermal spike a t  
scratch locat  ion scratch locat  ion 
P€FHWC€3 
FIGURE 4.33. Line Scan Showing Heating a t  Metal 1 i t a t  ion Scratches 
and Photomicrograph o f  Device o f  Which Scan was Made. 
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4.8.3 Effect o f  Aluminum Thickness on Detected In f ra red  Radiat ion 
The above evaluat ions indicated t h a t  l oca l i zed  heat ing occurred a t  
purposely induced scratches i n  the  interconnect ing aluminum m e t a l l i z a t i o n  
pa t te rn  o f  s i l i c o n  p lanar  m ic roc i r cu i t s  when the current  dens i ty  i n  the  
scratch area approached 1 x l o 6  amperes/cm2. 
r a d i a t i o n  spike a t  the  scratch was due t o  loca l i zed  heat ing ra ther  than 
increased transmission o f  the rad ia t i on  from the  h igh emiss i v i t y  Si02 surface 
0 0 0 
under the  scratch, s il icon wafers were obtained on which 240 A, 435 A, 992 A 
and 1800 A t h i c k  layers of aluminum were evaporated. 
determine the  cha rac te r i s t i cs  of the emit ted rad ia t ion .  The resu l t s  o f  t he  
evaluat ion showed no d i f f e rence  i n  the r a d i a t i o n  cha rac te r i s t i cs  i n  any o f  
the  fou r  aluminum thicknesses. 
Addi t ional  evaluat ions were performed by heat ing devices having meta l l  i z a t i o n  
scratches t o  known temperatures, w i t h  the  use o f  a heat ing columnz and 
making i n f r a r e d  l i n e  scans along the length o f  the s t r i pes .  No changes i n  
the  s igna l  leve l  a t  the  scratches were observed, as would have occurred i f  
r a d i a t i o n  had been t ransmi t ted from the h igh emiss i v i t y  Si02 surface, 
through the  t h i n  aluminum a t  the  scratch locat ion.  
To insure t h a t  the observed 
0 
These were evaluated t o  
These data a re  shown i n  F igure 4.34. 
4.8.4 Local ized Heatinq a t  Metal 1 i z a t i o n  Pat terns a t  Oxide Steps 
U t i 1  i z i n g  a t e s t  vehicle, i n  which the 1 m i l  wide by 10,000 a t h i c k  
aluminum m e t a l l i z a t i o n  crossed oxide steps, l i n e  scans made along the  center 
l i n e  o f  the s t r i p e  dur ing the  t ime the s t r i p e  was conducting 300 mA o f  
cur ren t  ind icated loca l i zed  heat ing a t  t he  oxide steps. A t y p i c a l  example 
o f  one o f  these scans i s  shown i n  Figure 4.35. The current  dens i ty  i n  the  
meta l l  i z a t i o n  a t  t he  step, consider ing the  metal t h i n  down a t  the step, was 
about 1.7 x 10 amperes/cm. Th'ik data corresponds favorably t o  the  data 6 
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prev ious ly  discussed, taken on devices i n  which the  m e t a l l i z a t i o n  was 
purposely scratched, i n  t h a t  loca l  ized heating occurs a t  metal I i z a t i o n  
cons t r i c t i ons  when the  current  dens i ty  a t  the  c o n s t r i c t i o n  approaches 
1 x 106 amperes/cm 2 . 
4.8.5 Conclusions 
The informat ion presented i n  t h i s  sect ion together w i t h  t h e o r e t i c a l  
ca lcu la t ions  demonstrates t h a t  loca l i zed  heat ing occurs a t  aluminum metal- 
1 i z a t i o n  cons t r i c t i ons ,  caused by e i t h e r  scratches o r  oxide 
steps, when the current  dens i ty  approaches 1 x lo6 amperes/cm2. 
e lec t romigra t ion  i s  a func t ion  o f  current  density, operat ing temperature and 
the  temperature gradient  i n  the  reg ion where migra t ion  i s  t o  occur, t he  
data ind ica te  t h a t  i f  the  phenomena i s  i n i t i a t e d  it w i l l  be s e l f  acce le ra t ing  
because the migra t ion  o f  some mater ia l  w i l l  r e s u l t  not  on ly  i n  higher cur ren t  
densi t ies,  but  a l s o  i n  higher gradients.  The s ign i f i cance  o f  t he  data i s  
t h a t  t h i s  technique can be u t i l i z e d  i n  the q u a l i f i c a t i o n  o f  devices t o  insure 
against  design defects  which may r e s u l t  i n  the f a i l u r e  o f  devices because 
o f  e lec t romigra t ion  o f  t he  m e t a l l i z a t i o n  pa t te rn .  I f  l oca l i zed  heat ing i s  
Since 
observed a t  cons t r i c t i ons  i n  the m e t a l l i z a t i o n  pa t te rn  dur ing the  scan made 
a t  some cur ren t  leve l  s l i g h t l y  above the leve l  a t  which the device i s  
intended t o  operate, the  design should be considered a po ten t i a l  re1 i a b i l  i t y  
hazard . 
4.9 LOCAL IZED HEATING AT V IAS BETWEEN UPPER AND LOWER METALL IZAT ION PATTERNS 
OF B ILAYER METALLIZED DEV ICES 
f the  v ias which prov ide the e l e c t r i c a l  connection 
nsu la t i on  layer  between the top and bottom meta l l  i z a t i o n  
To determine 
through the  glass 
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pat terns are  a source of loca l  ized heating, evaluat ions were performed u t i 1  i z -  
ing two separate types o f  vehic les.  The evaluat ions consisted 
of generat ing i n f ra red  l i n e  scan data along the  center l i n e  o f  me ta l l i za t i ons  
t h a t  contained v ias  dur ing the  t ime the  s t r i p e  was conducting current .  
4.9.1 B i l aye r  Metal1 ized T r i p l e  3-Input Gate Devices 
The i n i t i a l  eva luat ion was performed using b i l a y e r  meta l l i zed  DTLIT31G 
device o f  cons t ruc t ion  1 .  A photomicrograph o f  t h i s  veh ic le  i s  shown 
i n  Figure 4.35. 
DC cur ren t  t o  f low through the  v i a  i n  the  Vcc s t r i p e .  
v i a  i s  1/4 m i l  by 1/4 m i l  i n  cross sec t ion  and approximately 12,000 8 i n  
length. In the  case o f  these vehicles, loca l  ized heating a t  the v i a  was 
i n i t i a t e d  a t  cur ren t  leve ls  between 16 and 22 MA. A t  cur ren t  leve ls  o f  
about 30 MA, considerable heat ing was observed a t  the  via, as ind icated 
below and shown g raph ica l l y  together w i t h  a t y p i c a l  i n f r a r e d  l i n e  scan o f  
the  Vcc s t r i p e  i n  F igure 4.36. 
The t e s t  c i r c u i t  was arranged t o  cause var ious leve ls  o f  
This  p a r t i c u l a r  
V IA TEMPERATURE SUMMARY FOR CONSTRUCT I ON I DEV I C E S  
DEV I C E  
NO. 
420 
51 7 
516 
519 
520 
518 
CURRENT, 
mA 
31 95 
31 .O 
29 * 5  
30 *5 
31 95 
30 * 5  
METALL I ZAT I ON STR I PE 
TEMPERATURE, OC 
97 
103 
97 
94 
85 
97 
From t h i s  data, the average increase i n  
V I A  TEMPERATURE, 
O r  
127 
125 
120 
118 
109 
107 
temperature o f  the 
t o  the  metal 1 i z a t i o n  s t r i p e  i s  22OC, a t  an average current  
DELTA TEMPERATURE, 
OC 
30 
22 
23 
24 
24 
10 
v i a  as compared 
leve l  o f  30.8 MA. 
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Step Stress Test ing o f  s i m i  l a r  devices was performed under Contract F 30602- 
68-C-0133 f o r  the Rome A i r  Development Center. 
are summarized below: 
The resu l t s  o f  t h i s  t e s t i n g  
B I L A Y E R  METALLIZED 
TRIPLE 3 INPUT GATE 
STEP STRESS SUMMARY 
STRESS LEVEL TEST A TEST 6 
(See C i r c u i t  F iq .  4.37) Construct ion 1"' Construct ion P 
Diss Amb. Vcc I C  Test Test 
Step No. mW Temp V mA Sample Duration F a i l  Sample Duration F a i l  
OC 
1 200 125 10 20 15 250 0 8 250 0 
2 300 125 12.5 23 15 250 0 8 250 0 
3 400 125 14 27 15 250 0 8 250 0 
i k  Construction 2 d i f f e r e d  from Construction 1 i n  t ha t  the method f o r  ob ta in ing  
good ohmic contact a t  v ias between f i r s t  and second layer metal and the chip- 
to-header bonding procedures were improved. Construction 2 u t i l i z e d  aluminum 
in te rna l  leads and Construction 1 used gold in te rna l  leads. Via sizes, metal- 
l i z a t i o n  pat terns and thickness, and second layer  oxide thickness were the  
same in  bo th  const ruct ions.  
;':it Cause f o r  f a i l u r e  not  f u l l y  understood. 
FIGURE 4.35 - Photomicrograph o f  
B i l aye r  Metal ized 
T r i p l e  3- Input 
Gate Device. 
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1 3OoC 
120 
100 
80 
60 
40 
Loca 1 i zed v i a 
heat i ng 
120oc 
Typ ica 1 temp . 
gradient  along 
110% center .l ine o f  
s t r i p e  500 mW 
a t  25OC 16v and 
1oooc 30 mA 
\ 
\ 
ottom layer  metal 
V ia 
Top layer metal 
Relat ionship o f  Vcc v la temp. t o  
f l a t  area s t r i p e  temperature 
when d i s s  i p a t  ing 500 mw a t  25OC I 
b i 1 ayer PL-962M 
/ 
FIGURE 4.36 - Local ized v i a  heat ing 
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FIGURE 4.37 - B i l a y e r  M e t a l l i z e d  T r i p l e  Three Input 
Gate Step Stress C i r c u i t  - TA = 125OC. 
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A l l  o f  the b i l a y e r  meta l ized, t r ip le  3-input gate devices which 
f a i l e d  dur ing  the  500 mW step were decapped and subjected t o  bo th  an 
e l e c t r i c a l  and physical  analys is  t o  determine the  f a i l u r e  mechanism. 
Each fa i l u re ,  shown i n  the  t e s t  summary, was found t o  be an open Vcc 
metal i z a t i o n  s t r i p e  near the Vcc contact  v ia .  As pointed out i n  
Figure 4.36, t h i s  p a r t i c u l a r  v i a  i s  the  same v i a  which exh ib i t ed  
loca l  ized heating when subjected t o  an i n f ra red  evaluat ion dur ing the 
t ime t h i s  s t r i p e  was conducting 30 mA o f  current, the same condi t ion 
t h a t  was imposed dur ing the 500 mW l i f e  t e s t .  The f a i l u r e  mechanism was 
therefore hypothesized t o  be excessive l oca l i zed  heating because o f  ohmic 
resistance i n  the  v i a  r e s u l t i n g  i n  me ta l i za t i on  d i f f u s i o n  which caused 
f u r t h e r  loca l  ized heat ing and subsequent f a i l u r e .  
4.9.2 Via Test Pat te rn  
The second evaluat ion was performed using the t e s t  veh ic le  
shown i n  Figure 4.38. 
FIGURE 4.38 Test Vehic le f o r  Evaluation o f  Local ized Heating a t  Vias. 
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The veh ic le  consis ts  o f  a ser ies  o f  upper and lower m e t a l l i z a t i o n  s t r i p e s  
connected by v ias approximately 1 / 4 - m i l  by 1/4 m i l  i n  cross sec t ion  and 
12,000 8 i n  length. The procedure f o r  ob ta in ing  good ohmic contact  a t  the  
v ias i n  these devices i s  the same improved procedure as was u t  il ized f o r  the  
b i l a y e r  meta l l i zed  t r i p l e  three- input  gate devices used i n  t e s t  2 described i n  
Sect ion 4.9.1. 
s t r i p e s  on 8 d i f f e r e n t  devices,at cur ren t  leve ls  as h igh  as 50 mA, d i d  not  
Line scans made along the center 1 ine o f  these metal1 i z a t i o n  
ind ica te  any appreciable heat ing a t  any v ia .  Unfortunately, no t  a l l  o f  
the  data obtained was usable because the loca t ion  o f  the  n a i l  head bond 
obscured the i n f ra red  rad ia t i on  from some o f  the v ias.  
4.9.3 Conclus ions 
From the  data obtained dur ing the evaluat ions described i n  4.9 through 
4.9.2, i t  appears t h a t :  
a. The b i l a y e r  meta l l i zed  t r i p l e  three- input  gate devices used i n  
t e s t  1 o f  Sect ion 4.9.1 f a i l e d  because e l e c t r i c a l  res is tance 
occurred i n  the  Vcc v i a  as a r e s u l t  o f  poor ohmic contact  between 
the upper and lower layers o f  metal 1 i z a t i o n  and, because o f  ohmic 
heating, caused a loca l i zed  hot spot which was o f  s u f f i c i e n t  magnitude 
t o  cause device f a i l u r e .  
The s i n g l e  b i l a y e r  meta l l i zed  t r i p l e  three- input  gate devices b.. 
t h a t  f a i l e d  dur ing t e s t  2 o f  Sect ion 4.9.1 f a i l e d  f o r  the  same 
reason as l i s t e d  i n  a above. However, because the  percentage 
of f a i l u r e s  incurred were appreciably less than the  percentage 
incurred w i t h  the  devices from t e s t  1 ,  it i s  i n f e r r e d  from c 
below,and the t e s t  resu l ts , tha t  the  modif ied procedure f o r  ob ta in ing  
good ohmic contact  d i d  o f f e r  a subs tan t ia l  improvement. 
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c. The absence o f  loca l i zed  heat ing a t  t he  v ias o f  the  t e s t  pa t te rn  
used f o r  the evaluat ion described i n  Section 4.9.2 demonstrates 
t h a t  the ohmic contact  procedure was s i g n i f i c a n t l y  improved over 
the process o r i g i n a l l y  used f o r  the  b i l a y e r  meta l l i zed  devices 
u t i  1 ized i n  t e s t  1 o f  Section 4.9.1. 
can be of value i n  es tab l i sh ing  
are  a re1 i a b i l  i t y  hazard. Loca 
areas, p a r t i c u l a r l y  i f  the heat 
whether b 
i zed heat 
ng occurs 
The above data demonstrates t h a t  i f  b i l a y e r  m e t a l l i z a t i o n  processing 
i s  p roper ly  def ined and accomplished, no heat ing w i l l  occur i n  the  vias, 
and the  use o f  b i l a y e r  m e t a l l i z a t i o n  techniques should not  have any adverse 
e f f e c t  on r e l i a b i l i t y .  The data a l s o  demonstrates t h a t  i n f ra red  techniques 
layer  m e t a l l i z a t i o n  procedures 
ng i n  vias, o r  other contact  c u t  
a t  current  leve ls  near the  i m u s e  
levels, should be considered a po ten t i a l  f a i l u r e  mechanism and q u a l i f i c a t i o n  
should be w i thhe ld  u n t i l  generation o f  a redesign o r  an improved process t o  
e l  iminate the  loca l  ized heating. 
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4.10 NONDESTRUCTIVE INFRARED DETECT ION OF POOR WHISKER WIRE BONDS 
Some o f  the  bas ic  causes o f  poor s t rength  i n  whisker w i re  bonds are:  
a. I n s u f f i c i e n t  squash-out o f  the bond,result ing i n  a smal ler-  
than-normal area o f  in t imate contact  between the bond and 
the  bonding surface. 
b. The formation o f  i n t e r m e t a l l i c  compounds between the bond and 
the bonding sur face which can r e s u l t  i n  small cracks a t  the 
i n t e r  f ace. 
c. Contamination, i n  the form o f  o i l s  o r  o ther  organic compounds 
depos i t e d  on the bonding surface, which resul ts  i n  inadequate 
contact  between the  bond and bonding surface, o r  contamination 
between the meta l i za t ion  and the base mater ia l  which r e s u l t s  
i n  poor adhesion between these surfaces. 
d. Cracking o r  shearing of the  base mater ia l  under the bond 
because o f  excess ive bond ing pressure. 
e. Necking o r  shearing o f  the  whisker w i r e  by the  bonding too  
r e s u l t i n g  i n  a subs tan t ia l  reduct ion o f  w i re  cross sec t ion  
f. Roughness o f  the bonding mater ia l  sur face, resul t ing in only 
p a r t i a l  in t imate  contact  between the  bond and the  bonding pad. 
Since the  r a t e  of  the  heat t rans fe r  from a heat  source through an 
in ter face i s  a funct ion of the thermal conduct iv i t ies ,  and the  degree 
of in t imate  contact  of the  mater ia ls  involved, any one of the above 
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causes for  poor bond s t rength  should impede the  t rans fe r  o f  heat. I f  
the defect i s  serious, one might expect a temperature d i f f e r e n t i a l ,  
between the bonding surface and the  bonding wire, o f  greater  magnitude 
than would occur on a we l l  bonded device. I f  there i s  a c o r r e l a t i o n  between 
bond s t rength  and temperature d i f f e r e n t i a l ,  one would a n t i c i p a t e  a r e l a t i o n -  
sh ip  between these two parameters such as i s  shown i n  Figure 4.39. 
Ant ic ipated slope 
( i f  c o r r e l a t i o n  e x i s t s )  
I____.t 
Wire Breaking Strength 
FIGURE 4.39 - AT vs. Wire Breaking Strength.  
4.10.1 Procedure and Discussion ( I n i t i a l  Evaluat ion) 
To determine i f  in f ra red  temperature de tec t ion  techniques can be 
u t i l i z e d  t o  screen poor whisker w i r e  bonds, chips mounted i n  metal 
bottom f l a t  packs and bonded w i t h  1 m i l  diameter aluminum whisker wires 
were obtained f o r  use as evaluat ion vehic les.  These devices were 
placed on a heat source and covered w i t h  an asbestos b lock conta in ing 
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a hole j u s t  large enough t o  ob ta in  the  requi red in f rared measurements. 
The temperature o f  the source was elevated t o  100°C and the 
r a d i a t i o n  emi t ted from each o f  the fo l l ow ing  surfaces was measured : 
a. the s i l i c o n  ch ip  i n  the prox imi ty  o f  each bond, 
b. the ch ip  bonding pad, 
c. the squash-out o f  the  bond, 
d. the package bonding pad in  the prox imi ty  of the  bond and, 
e. the aluminum w i r e  a t  a p o i n t  2 m i l s  up the w i r e  from the  
heel of t he  bond. 
The rad ia t i on  measurements were transformed i n t o  temperature 
values w i t h  the use o f  a c a l i b r a t i o n  curve generated f o r  t h i s  purpose. 
The c a l  i b r a t i o n  was obtained by heat ing a device t o  several known 
temperatures and averaging the f i v e  rad ia t i on  values measured f o r  each 
surface a t  each o f  the known temperatures. 
c a l  i b r a t  ion procedure 1 ies i n  the assumption t h a t  a1 1 c a l  i b r a t  ion po in ts  
a re  a t  the  same temperature as the heat source, and the assumption t h a t  
the e m i s s i v i t i e s  o f  a l l  s i m i l a r  mater ia ls  a re  the  same. Ne t h e r  o f  
these assumptions i s  q u i t e  t rue .  I n  the course o f  the c a l  brat ion,  
there was a considerable v a r i a t i o n  i n  the emi t ted r a d i a t i o n  from p o i n t  
t o  po in t  on the gold package bonding pads, and s i g n i f i c a n t  v a r i a t i o n  
was noted between wires dur ing the  temperature c a l i b r a t i o n  o f  the  
aluminum whisker wires. It i s  be l ieved t h a t  the  v a r i a t i o n  observed on 
the gold pads was due t o  changes i n  em iss i v i t y  because o f  changes i n  
the roughness o f  the  gold surface and the v a r i a t i o n  observed between 
d i f f e r e n t  aluminum wires was due t o  bond defects impeding the  f low 
of heat. 
The d i f f i c u l t y  w i t h  t h i s  
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In  s p i t e  o f  the l i m i t a t i o n s  imposed by the c a l i b r a t i o n  d i f f i c u l t i e s ,  
the  r a d i a t i o n  readings were converted t o  temperature t o  ob ta in  a f i r s t  
order approximation o f  the d i f f e r e n t i a l  temperatures across the bonds. 
A l l  leads i n  the  devices were then subjected t o  a bond s t reng th  t e s t  i n  
accordance w i t h  Method 201 1, Test Cond i t  ion D, o f  MIL-STD-883. 
measured bond strengths were then p l o t t e d  against  the  AT values obtained. 
The 
Fur ther  l i m i t a t i o n s  t o  the accuracy o f  the evaluat ion were imposed by 
the bond s t rength  procedure ( the s t rength  measured i s  a func t ion  o f  
w i re  length and the  displacement o f  one bond from the other)  but  
nevertheless some c o r r e l a t i o n  between bond s t rength  and AT was obtained 
when the  d i f f e r e n t i a l  temperature was measured a t  the  s i l i c o n  ch ip  bond. 
Attempts t o  c o r r e l a t e  AT w i t h  bond s t rength  a t  the post bond, however, 
were unsuccessful, probably because o f  the c a l i b r a t i o n  and bond s t rength  
d i f f i c u l t i e s .  Figures 4.40, 4.41 and 4.42 show the c o r r e l a t i o n  obtained 
ch ip bond a f t e r  the  e l im ina t i on  o f  
n e r ro r .  
between bond s t rength  and AT a t  the  
measurements which were apparent ly 
4.10.2 Color Modulated Threshold D 
Wire Bonds 
splay Detect ion o f  Poor In te rna l  
As was ind icated by data presented i n  the  previous sect ions 
there i s  some c o r r e l a t i o n  between the i n t e g r i t y  o f  an in te rna l  w i r e  
bond and the  d i f f e r e n t i a l  temperature measured from the bonding surface 
t o  the  w i r e  immediately behind the bond when the bonding mater ia l  i s  
heated from below. When po in t  by po in t  temperature measurements a re  
made, va r ia t i ons  i n  the  emiss i v i t y  o f  the mater ia ls,  inaccurate 
l oca t i on  of the  po in t  being measured,and e r ro rs  i n  the c a l i b r a t i o n  
curve can r e s u l t  i n  temperature e r ro rs  approaching the actua 1 grad ien t .  
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b 0 
I 
e 
FGURE 4.40 - D i f f e r e n t i a l  Temperature (ATpw) Between Bonding Pad and A1 Wire 
vs.  Bond Strength for  Wires tha t  Broke a t  Bond or  L i f t e d  a t  Pad. '  
X e 
e 
e 
NOTE: 
e Broke a t  Bond 
L i f t e d  a t  Pad 
FIGURE 4.41 - D i f f e r e n t i a l  Temperature (ATps) Between Aluminum Chip Pad and 
Ul t rason ic  Bond Squash f o r  Leads t h a t  Broke a t  Bond or L i f t e d  
a t  Aluminum Pad vs. Bond Strength.  
FIGURE 4.42 - D i f f e r e n t i a l  Temperature ( ~ ~ ~ 1 0 2 - w )  Between S1Q Near the Bonding 
Pad and the Bond Wire vs.  Bond Strength f o r  Lea 8 s t h a t  Broke at the 
Bond or L i f t e d  from the Pad. 
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Therefore, an attempt was made t o  c o r r e l a t e  poor bonds w i t h  i n f r a r e d  
informat ion obtained from c o l o r  modulated threshold d isp lays o f  the  
bond area. This  procedure negates the e r r o r  associated w i t h  inaccurate 
l oca t i on  o f  the po in t  being measured because the  e n t i r e  reg ion i s  v i s i b l e  
i n  the display,  and may no t  requ i re  the  use o f  a c a l i b r a t i o n  curve 
thereby e l im ina t i ng  a second source o f  e r ro r .  Our i n i t i a l  attempts t o  
ob ta in  a c o r r e l a t i o n  between poor bonds and the  co lo r  threshold d i sp lay  
were unsuccessful because o f  inadequate reso lu t i on  o f  the Thermal 
P l o t t e r  threshold d isp lay  system. Some modif icat ions,  which 
s u b s t a n t i a l l y  improved the  reso lu t i on  o f  the system were made, and some 
i n i t i a l  evaluat ions w i t h  the  improved system showed as many as four  
d i f f e r e n t  threshold leve ls  on the squash-out o f  some aluminum bonds. 
To determine i f  poor i n t e r n a l  w i re  bonds could be detected w i t h  
the  use o f  the improved co lo r  modulated threshold display, t e n  
in tegrated c i r c u i t  devices were mounted on a heat source and were 
a1 lowed t o  s t a b i  1 i z e  a t  the  source temperature o f  approximately 100°C 
f o r  10 minutes. The devices were then in f ra red  scanned and the  r e s u l t i n g  
i n f ra red  c o l o r  threshold d i sp lay  was photographed. A t y p i c a l  co lo r  
modulated threshold d isp lay  i s  shown i n  Figure 4.43. Temperature 
measurements were a l s o  made o f  the  d i f f e r e n t i a  
Si02 surface near the  bonding pad and the bond ng w i re  one m i l  above 
the  heel o f  the  c h i p t o - w i r e  u l t r a s o n i c  bond. Wire s t rength  measurements 
were then made but the  attempt t o  show a c o r r e l a t i o n  between: 
temperature between the  
a. The w i r e  breaking s t rength  and the co lo r  modulated 
threshold d isp lays proved on ly  p a r t i a l  l y  successful 
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FIGURE 4.43 - Typical color modulated threshold display 
o f  the infrared characteristics of bonding 
wires using improved display system. 
4.63 
b. The w i re  breaking s t rength  and the AT between the  Si02 and 
the bonding w i re  proved-only p a r t i a l l y  successful.  
I n  thes tudy  o f  co lo r  modulated d isp lay  vs. w i re  strength, on ly  4 
o f  the  10 devices evaluated showed even p a r t i a l  cor re la t ion ,  i n  s p i t e  
o f  the improved co lo r  reso lu t i on  o f  the Thermal P lot terequipment .  
In  the evaluat ion o f  AT vs. w i re  ?trength, on ly  8 o f  the  10 devices 
u t i l i z e d  i n  the  co lo r  threshold evaluat ion were studied. Of these 8 
devices, 4 exh ib i ted  a negat ive slope, as would be expected i f  100% 
c o r r e l a t i o n  existed, but  2 exh ib i ted  an in f in i te+:  slope and 2 exh ib i ted  
a p o s i t i v e  slope. 
i k  P a r a l l e l  t o  the AT ax is .  
4.10.3 Fur ther  Attempts a t  Cor re la t ion  o f  the  Bondinq Wire t o  Chip 
Temperature D i f f e r e n t i a l  t o  Bond Strenqth. 
To minimize the  d e l t a  temperature measurement e r r o r  incurred 
when the  w i re  and ch ip  temperatures were read from a manually f i t t e d  
c a l i b r a t i o n  curve, the  c a l i b r a t i o n  data f o r  bo th  the Si02 surface and 
the  aluminum w i r e  surface were f i t t e d  t o  second degree polynomial 
equations w i t h  the use o f  a computer o r ien ted  program. A second 
program was w r i t t e n  which ca lcu la ted  the  temperature d i f fe rences  between 
the Si02 surface and the wire, based on the c a l i b r a t i o n  polynomial, 
and l i s t e d  the  temperature o f  the  wire, the  temperature o f  the  Si02 
surface, the temperature d i f f e rence  between the  Si02 surface and the 
wire, the measured breaking s t rength  o f  the w i r e  and the l oca t i on  o f  
the  break. Examples o f  t he  output o f  these programs are shown i n  
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Figures 4.44 and 4.45. Although t h i s  procedure seemed t o  o f f e r  some 
improvement i n  the technique, good c o r r e l a t i o n  was s t i l l  not  achieved. 
4.10.4 Conclusions 
Although none o f  our attempts t o  co r re la te  bond s t rength  w i t h  
temperature d i f f e r e n t i a l s  were completely successful, some degree o f  
c o r r e l a t i o n  was achieved. With the u t  il i z a t  ion o f  computer generated 
temperature d i f f e r e n t i a l s  i t  would seem t h a t  the  major cause f o r  lack  
of c o r r e l a t i o n  i s  the  inaccuracy o f  the lead s t rength  measurements. 
These measurements were made according t o  the  double bond procedure o f  
Method 201 1, Test Condit ion D, o f  MIL-STD-883, and the tens ion values 
measured a re  a func t ion  o f  the  d is tance between the bonds, the  length 
of the  w i r e  being tested, the po in t  along the  w i r e  a t  which the  p u l l  
i s  app l ied  and the d i r e c t i o n  o f  the p u l l .  
measurement can be more accurate ly  performed, by perhaps using a s i n g l e  
I f  the bond s t rength  
bond p u l l  technique, and computer techniques are  u t i l i z e d  t o  determine 
temperature d i f f e r e n t i a l s ,  c o r r e l a t i o n  should be demonstrated. When 
t h i s  has been accompl ished, i n f r a r e d  techniques could o f f e r  an 
approach f o r  e f f e c t  ive, nondestruct ive screening o f  de fec t i ve  i n t e r n a l  
w i re  bonds, one of the major f a i l u r e  mechanisms o f  integrated c i r c u i t s .  
4.11 TEMPERATURES OF ALUMINUM WIRES CONDUCTING CURRENT 
Because i t  has been reported (+:1,+:2) t h a t  h igh  cur ren t  pulses through 
in te rna l  lead wires can r e s u l t  i n  fa t i gue  f a i l u r e  o f  the  w i re  near the  
bond,evaluations were performed t o  determine: 
a. The temperature r i s e  a t  t he  center o f  1 m i l  diameter 
aluminum ( 1 %  s i l i c o 4  whisker wires dur ing  the  t ime they were 
;'.1 - Personal Communication, w i t h  J. Partr idge, MlT-Instrumentation Laboratory 
J u l y  1966. 
5: 2 - J-Gaffney, D.Bottaro & C.D.Root, In te rna l  Lead Fat igue i n  Semiconductor 
Devices through Thermal Expansion Seventh Annual R e l i a b i l i t y  Physics 
Sympos ium - December 2, 3, and 4, 1968. 
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T P I ?  P F J ' ; R A i r  FIT'; LFCST-SOIJARES POLYNOMIALS T O  R I V P R I A T F  
. jPTA,  I j S I N G  A:] ORTHOGONAL POLYNOMIAL METHOD. L I M I T S  ARE 
I I - T H  D F W E F  F I T  AND A MAX OF I00 DATA P O I N T S .  PROGRAM 
kLl.OldS USER T O  S P E C I F Y  T H E  LOWEST DYGREE PDLYNOMIPL T O  FIE 
F I T ,  AND THEN F I T S  T F E  PDLYNOMIALS IN ORDER OF A S C F N D I V G  
GZGRFF. AT FACH S T A G E  THE INDEX OF D E T E P M I N A T I O N  IS  
P P I N T E D .  PE'9 THE USLR HiS T h E  C H O I C E  O F  GOING T O  THE NEXT 
H I Z H E R  D E G R F F  F I T ,  S E E I N G  F I T P E R  OF TWO SUMMARIES O F  F I T  
P T  T h t T  S T A G F ,  OP OF S T O P P I N G  THE PROGRAM. T O  U S E ,  TYPE:  
I .  DATA N, D 
[ Q ! E F E  iI : WIlFI>CI OF DATA P O I N T S  T O  B E  READ 
cNn n z I N I T I A L  I L O W E S T I  DEGREE T O  B E  F I T 1  
1.17 T;ATA Y[I l , Y [ I  1 , X f 2 1 , Y t 2 l ; . . . . . X I N l , Y f N l  
R IJV  
[ i 5 9 T I N U A T I n N  ON L I N E S  181-299 AS NEEDED1 
I P  DATA G . 2  
IO0 
I$. I 
I02 % T l  I.~€,SC,I.63,8A.1.67,8CI,l.64,80,l.7~67,9-R0, 
IC3 W T A  2.R,96,2.R,QC ,2.05,90,2.0,91,2.05,90 
I04 n A T P  2.6, I OR ,2.5, IQC ,2.55,I0C: ,2.6,l00.2.6,1k30 
I35 nCTA 3.R,116,3.85,116,3.R5,1 l6,3.75.ll6,3.8,ll6 
Il3h DATA 5.7,130,5.7,13e ,5.8, I30,5.6, I30,5.7,131 
R U i J  
?fi TA .63,58,6+.63,58, .63,50, .63,59, .63 $50, .82,60, .8,60, .8l .60, 
DATA .R2,6@, .83,68, I .28,78, I .27.78, I .26,7Q~l.23~70,1.25,70 
P O L F I T  I l r 5 2  XON. 05/12/69. 
L E A S T - S Q U A R E S  P O L Y N O M I A L S  
WMBER OF P O I N T S  = 40 
MEAN VALUE O F  X = 2.30725 
MEAN VALUE OF Y 1 81 
S T D  D E V I A T I O N  O F  Y I 26.0768 
NOTE: CODE FOE 'WHAT NEXT?' IS: 
CI : S T O P  PROGRAM 
I = C O E F F I C I E N T S  ONLY 
2 : E N T I R E  SUMMARY 
3 = F I T  NEXT H I G H E R  DEGREE 
P O L Y F I T  O F  DEGREE 2 INDEX O F  DETERM r .99609 WHAT NEXT?:! 
TEPM 
VI 
I 
2 
X-PCTUAL 
.63 
.63 
.63 
.63 
.63 
.R2 
-8 
.8 1 
.E2 
.P3 
I .2e 
I .%7 
I .26 
I .:3 
I .75 
I .F6 
I .63 
I .61 
1.64 
I .67 
2 
2 
2 
2.05 
2.6 
2.05 
2.5 
2.55 
2.6 
2.6 
3.8 
3.85 
3.85 
3.75 
3 -8  
5.7 
5.7 
5.8 
5.6 
5.7 
C O E F F I C I  EVT 
32.6n47 
33.4573 
-2.89 I4  I 
Y-RCTUAL 
50 
5E 
50 
50 
5(1 
60 
68 
68 
60 
60 
71 
70 
7c: 
70 
70 
e0 
E0 
80 
80 
PI 
90 
91 
90 
90 
90 
100 
100 
I00 
I00 
I00 
I16 
I I6 
I16 
I16 
I I6 
I30 
I30 
I30 
I30 
130 
Y-CALC 
52.5352 
52.5352 
52i5.352 
52,5352 
52.5352 
58.0955 
57.52 
57.8081 
58.0955 
58.3824 
70.6921 
70.43 19 
7E.1705 
69.3828 
69.9085 
80.1762 
79.4579 
80.41 45 
79.6979 
80.41 45 
87.9536 
87.9536 
89.041 
87.9536 
89.041 
100.048 
9U.1766 
99.1194 
100.048 
100.048 
117.93 
118.557 
118.557 
117.409 
117.99 
129.369 
129.369 
129.39 
129.29 I 
129,369 
n I F F  
-2.53521 
-2.53521 
-2.5352 I 
-2.53521 
-2.53521 
I .90449 
2,47996 
2.19194 
1.90449 
1.61763 - .6927 47 -. 43 1905 - .I70485 
,617244 
9.15129 E - 2  
-.I76226 
.54211 
-.414515 
.302086 
-.414515 
2.04637 
2.04637 
,959919 
2.04637 
,959013 
I .E2341 
.U80626 
-4.76399 E-2 
-4.76999 E-2 
-4.76999 E - 2  
-1.9904 
-2.5573 
-2.5573 
-1.40905 
- I  .9904 
.630704 
.630104 
.6 I0096 
.70914 
-630704 
P C T - D I F F  
N 
0 
03 
w 
- 4.E257 3 
-4.82513 
-4.82573 
-4.S2573 - 4.82573 
3.27821 
4.31141 
3.79175 
3.27E2 I 
2.77075 
-.P7?941 -. 6 I3224 - .2429 59 
.E89 622 
.I30904 - .2 19793 
.68226 I -. 51 5 473 
.379039 
-.515473 
2.32665 
2.32665 
1.07105 
2.32665 
1.01705 
I .E5127 
.BE845 
n 
-4.76772 E-2 
-4.76772 E-2 
-4.76772 E-2 
-1.68692 
-2. I5702 
-2.15702 
- I  .200 12 
- I  .68692 
.487522 
.481522 
.471518 
.487522 
B 
S I  
1 
,548484 s. 
S T D  ERROR O F  E S T I M k T E  FOR Y : 1.63056 
WHAT N E X T 7 3  
P O L Y F I T  OF DEGREE 3 INDEX O F  DETERM .997612 WHAT NEXT?I  
TERM C O E F F I C I E N T  
0 27.6985 
I 41.3635 
2 -6.07859 
3 .345581 
WHAT N E X T 7 0  
Figure  4.44 - Example o f  Output from 
Oriented Curve F i t t i n g  
4 -66 
Compute r 
Program . 
WHEAT2 13:50 M O N .  05/12/69. 
I Q  
I I  
12 
13 
14  
15 
16 
17 
1R 
19 
1011 
I I0 
120 
130 
I40 
150 
I6R 
16 I 
162 
190 
20 R 
21n 
28 0 
320 
40 
5R0 
50 I 
50 2 
503 
58 4 
505 
3999 
PRINT "TEMPERATURE DIFFERENCES BETWEEN PAD A N D  WIRE OF SILICON" 
PRINT "PLANAR DEVICES WHEN HEATED WITH A HEAT SOURCE LOCATED" 
PRINT " A T  THE BOTTOPI OF THE PACKAGE" 
PRINT "EREAK LOCATION CODE" 
PRINT "1-WIRE BROKE NEAR CEHTER" ~ 
PRINT "2-WIRE BROKE A T  CHIP" 
PRINT "3:WIRE BROKE AT POST" 
PRINT "4:fiOND LIFTED AT CHIP" 
PRINT "5:BOND LIFTED AT POST" 
PRINT "6rMETALIZATION LIFTED" 
LET A032.6047 
LET AI-33.4573 
LET A2:-2.89141 
LET B8r23.361 
LET BI  =63,1RR7 
LET 82:-9.20476 
PR I NT " TEMP PAD" o"TEMP WI RE", " D ELTA T EMP C" , " TENS1 ON" ,"BREAK" 
PRINT "C","C" ,"PAD TO WIRE" ,"GRAflS" ,"CODE" 
PRINT 
R E A D  R I  ,R2,P,L, 
LET TI-A2*RI ,2+AI*RI+A0 
LET T2:82*R2t2+81*R2+BB 
LET Dl:TI-T2 
PRINT T I  ,T2,DI ,P,L 
GO TO 190 
DATA 
D A T A  
DATA I .2,2,2.42,1.55, I .  1,2,2.58, I .60,1.7 ,2 ,2 .h ,  I .38, I .5 @2, ' 
D A T A  2.60,1.58~1.4,2,2.60,1.65~1.8 2,2.65,1.63,1.3,2,2.62,;o5~, 
DA TA 1.6,2,2.50 1 .58,2.3,2,2.50, I 88,L *2,2,2*3 5 ,  I .36,1.3,2, 
D A T A  2~60~1~50,1~5,2~2.55,1.52,L.8,2,2.60~1.62~1~2~2 
END 
2.6 , I 5 9 1 6 92 92-55 9 1 5 5 92.2 92 12 58 
2-58, I .52,2.4,2,2.569 I e42 
1 5 9 1 I 92 92 38 I 48 p 1 e 6 p2 
1.2,2 92.511 e52 1.292,2.45 11 e 5 2 ,  
WHEAT2 13846 MON. 05/12/69. 
TEMPERATURE DIFFERENCES BETWEEN PAD A I D  WIRE OF SILICON 
P L A N A R  DEVICES WHEN HEATED WITH A HEAT SOURCE LOCATED 
AT THE BOTTON OF THE PACKAGE 
BREAK LOCATION CODE 
I-WIRE BROKE N E A R  CENTER 
2-WIRE BROKE A T  CHIP 
3-WIRE BROKE A T  POST 
4rBOND LIFTED AT CHIP 
5-EOND LIFTED AT POST 
~IMETALIZATION LIFTED 
TEMP PAD TEMP WIRE DELTA TEMP C 
C C 
100.048 
99.1194 
99.6782 
95 .E55 
98.1766 
99.3062 
98.1766 
97.2 I94 
96.63Fl 
99.1 194 
95.2615 
100.048 
100.Q48 
100.962 
I 00 .4 15 
98. I766 
98.1766 
95.26 I5 
100.048 
99.1 194 
108.048 
91.4333 
99. I89 
97.4333 
96.1182 
98.1411 
94.5285 
98.1411 
98.14 I I 
99. I89 
100.899 
93.0319 
100.22 
102.562 
10 1.902 
100.22 
100.22 
100.22 
92,2725 
97.4333 
98.141 I 
101.57 
OUT OF D A T A  IN 190 
P A D  T O  WIRE 
2.61441 
-6.96278 E-2 
2.24481 
-.863 199 
.035491 
4.77177 
,035491 
-.92175 
-2,5509 4 
-1.77931 
2.22968 
-.I72635 
-2.5 I465 - .940836 
.I94648 
-2.04375 
-2.04375 
2.98904 
2.61441 
.978275 
-1.52197 
TENSION 
GRAMS 
1.6 
2.2 
1.1 
1 e6 
2.4 
1.2 
1.2 
I .2 
1.1 
1.7 
1.5 
1.4 
1.8 
I .3 
1.6 
2.3 
I .2 
1.3 
1.5 
1.8 
1.2 
BREAK 
CODE 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
Figure  4.45 - Program f o r  Ca lcu la t ing  and L i s t i n g  
Tp, Tw, ATp-, Tension, & Break Location 
o f  In te rna l  Lead Wires. 
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conducting various amounts o f  DC current, and 
b. The cur ren t  leve l  a t  which s u f f i c i e n t  thermal expansion 
occurred t o  cause d e f l e c t i o n  o f  the wire. 
4.11.1 Test Procedure and Discussion 
The veh ic le  u t i l i z e d  dur ing t h i s  evaluat ion consisted o f  a s i 1  icon 
ch ip  e u t e c t i c a l l y  bonded t o  the  paddle i n  a 1/8j1 x 1/4j1 ten-lead glass bottom 
f l a t  pack. The ch ip  contained a l a rge  aluminum meta l i za t ion  pad t h a t  was 
used as the common bonding p o i n t  f o r  two 1 - m i l  diameter aluminum whisker 
wires.  One o f  these wires was about 40 m i l s  i n  length and was terminated 
a t  t he  package land o f  p i n  7. The other was approximately 50 m i l s  i n  
leng th  and was terminated a t  the package land o f  p i n  9 .  This  
conf igura t ion  resu l ted  i n  a low res is tance current  path ins ide the 
package through which var ous leve ls  o f  cur ren t  were passed. The 
temperature o f  the wires was monitored by i n f ra red  techniques dur ing  
the  t ime cur ren t  was f lowing. The data obtained are summarized i n  
Table 4.1. The temperature obtained a t  the center o f  the w i r e  wh i le  it 
was conducting cur ren t  i s  shown as a func t ion  o f  w i re  length and cur ren t  
leve l  i n  Figure 4.46. 
o f  w i r e  temperature on both the  cur ren t  leve l  and the  w i re  length. 
This  f i g u r e  shows q u i t e  c l e a r l y  the  dependence 
Eight  o f  t he  devices used f o r  the w i re  temperature determinat ion 
study were placed under an o p t i c a l  microscope a t  an angle o f  45' t o  the 
o p t i c a l  axis, and var ious leve ls  o f  DC cur ren t  were appl ied. The 
displacement o f  the w i re  as a r e s u l t  o f  thermal expansion was measured 
and corrected assuming t h a t  the displacement was normal t o  the plane 
4.68 
3 
i 
a, 
u, 
m 
lnY - u w  
’- m s 
E a 0  
m 
v \ E  
LL 
z 
L 
a, 
CI 
S 
a, u 
W U  
s o  
a, 
L I  
L 
U E  
s a  
a, u 
> 
a, o 
.- 
4.69 

o f  the package base. The hypothesized corrected displacement i s  p l o t t e d  
against  the current  leve l  causing the displacement (Figure 4.47). 
However, i t  was noted t h a t  the maximum displacements observed i n  
Figure 4.47 d i d  not  always correspond t o  the maximum measured w i r e  
temperatures, i nd i ca t i ng  t h a t  some o f  the displacement o f  the w i r e  
L 
was i n  a d i r e c t i o n  other than normal t o  the package base. 
Observations made dur ing t h i s  t e s t i n g  indicated t h a t  some 
d e f l e c t i o n  occurred a t  current  leve ls  o f  about 400 mA, but t h i s  
d e f l e c t i o n  was not measurable. 
4.11.2 Conclusions 
The data i nd i ca te  t h a t  h igh current  p u l s s  can resu 
o f  i n te rna l  lead wires, and t h a t  t he  f l e x i n g  i s  caused by 
expansion r e s u l t i n g  from ohmic heating. The s ign i f i cance  
t i n  f 
therma 
o f  t he  
ex ing 
data 
i s  t h a t  i n f ra red  techniques can be u t i 1  ized t o  determine the extent 
o f  heating i n  a given design and assess whether the design contains an 
inherent f a i l u r e  mechanism. 
4.12 COMPARISON OF INFRARED CHARAGTER IST ICS OF ELECTRIGALLY GOOD 
WITH ELECTR ICALLY DEFEGT IVE INTEGRATED CIRCUIT DEVICES 
Because the  d i s s i p a t i o n  o f  power under a given s e t , o f  operat ing 
condi t ions w i l l  be d i f f e r e n t  between e l e c t r i c a l l y  good and e l e c t r i c a l l y  
defect ive integrated c i r c u i t  devices, those d i f ferences should be 
re f l ec ted  i n  the operat ing temperatures 
devices, and these thermal d i f ferences may be s u f f i c i e n t l y  large t o  
be detected through i n f r a r e d  scanning procedures. To determine 
o f  t he  various components o f  the 
4.71 
FIGURE 4.47 - Apparent displacement o f  aluminum wires because o f  thermal expansion 
caused by ohmic heating. 4 .72  
whether i n f r a r e d  scanning techniques could be u t i l i z e d  t o  screen 
e l e c t r i c a l l y  de fec t i ve  in tegrated c i r c u i t  devices, e l e c t r i c a l l y  good 
and de fec t i ve  devices were obtained and scanned wh i l e  operat ing under 
i d e n t i c a l  condi t ions of impressed vol tage. 7he co lo r  modulated threshold 
d isp lays  o f  the  devices were compared. 
comparison scanning,the de fec t i ve  devices were subjected t o  f a i l u r e  
ana lys is  t o  determine the cause o f  f a i l u r e  and, where possible, the  
in f rared cha rac te r i s t i cs  were re la ted  t o  the f a i l u r e  mode of each device. 
The types o f  devices examined dur ing t h i s  evaluat ion were 
Upon completion o f  t he  
a. 
b. 
C. 
RTL Dual 2-Input Gate Devices u t i 1  i z i n g  s ing le  
layer  metal i z a t i o n  patterns, 
DTL T r i p l e  3-Input Gate Devices u t i l i z i n g  b i l a y e r  
metal i z a t  ion patterns, 
RTL B inary-Coded-Decimal Counter/B inary  Counter (BCDC/BC), 
a complex b i p o l a r  a r ray  u t i l i z i n g  b i l a y e r  me ta l i za t i on  
pat terns.  
The r e s u l t s  of these evaluat ions are  contained i n  the 
subsequent paragraphs of t h i s  sect ion. 
4.12.1 Color Modulated i n f r a r e d  Displays o f  E l e c t r i c a l  l y  Good 
and E l e c t r i c a l  l y  Defect ive RTL Dual 2- Input Gate Devices 
A t o t a l  o f  s i x  s i l i c o n  e p i t a x i a l  p lanar  dual 2- input gate 
devices were subjected t o  i n f r a r e d  analys is .  Four o f  these devices 
were e l e c t r i c a l l y  good and two were made de fec t i ve  by opening 
metal i z a t  ion pat terns as ind icated i n  F igure 4.48. 
The in f ra red  analys is  was performed by generat ing c o l o r  modulated 
4.73 
disp lays of the  i n f r a r e d  cha rac te r i s t i cs  o f  each device dur ing  the  t i m e  
it was operat ing i n  the t e s t  c i r c u i t  o f  Figure 4.49. 
In  t h i s  c i r c u i t  the  average d i ss ipa t i ons  on the  ind iv idua l  
components o f  a normal device and o f  the device w i t h  open c o l l e c t o r  
meta l i za t ion  (po in t  A o f  Figure 4.48) would be: 
Device w i t h  Defect 
Component Normal Device a t  Point  A 
RL1 96 mW 96 mW 
RL2 96 mW 67 mW 
R B 2 ~  RB3, RB4 2.2mW 2.2 mW 
T i  and T2 3.4 mW 3.4 mW 
T3 and T4 3.4 mW 1 .5 mW 
In  the  case o f  the device w i t h  the open base metal izat ion,  the 
d i s s i p a t i o n  leve ls  a re  e s s e n t i a l l y  the same as the  normal devices. 
I f  the i n f r a r e d  cha rac te r i s t i cs  o f  the  de fec t i ve  device (defect  a t  
p o i n t  A) a re  t o  show some d i f fe rences  from the  normal devices, it 
could be expected t h a t  RL2 would operate a t  a s l i g h t l y  lower temperature 
than R L ~  because t h i s  r e s i s t o r  d iss ipa tes  an average o f  30 mW less than 
opposed 
same vo 
the  ch 
res o 1 ve 
RL1;  and t h a t  the defect ive device ch ip would operate a t  a s l i g h t l y  
lower temperature than a normal device because the  average ca lcu la ted  
input cur ren t  i n t o  the  de fec t i ve  device a t  9.5 v o l t s  i s  2.15 mA, as 
t o  the average cur ren t  i n t o  a normal device which i s  23 mA a t  t he  
ay shows t h a t  
does not 
tage. Inspect ion o f  the co lo r  modulated i n f r a r e d  d i sp  
p does operate a t  a lower temperature, but  the d isp lay  
a temperature d i f f e rence  between R L ~  and R L ~ .  
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0 
Metal Cut at  this 
in DsrSce A, 
P 
Metal Cut at This Point 
1 2 4 
in Derf~e B e  
FIGURE 4.48 - Location of induced defects in dual 2-input 
gate devices. 
v,, = 9 -5  u 
t vcc = 'i' 
FlGURE 4.49 --Electrical test circuit for dual 2-input gate devices. 
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FIGURE 4.50 - A photomicrograph of a 
dual 2-input gate. 
FIGURE 4.51 - A color modulated 
infrared display showing a defect 
in Point A4 (See Figure 4.48). 
FIG. 4.52 - A color modulated infra- 
red display showing a defect in Point 
B (See Figure 4.48). 
Fig. 4.53 ~ A color modulated infrared 
display o f  a good device. 
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As expected, the infrared display of the device with the open base 
resistor metalization does not vary significantly from the normal devices. 
Figure 4.50 is a photomicrograph of the test vehicle and Figures 4.51, 4.52, 
and 4.53 are photographs of the infrared displays of the device with the 
defect at point A, the device with the defect at point B, and a normal device, 
respect i ve 1 y . 
Color modulated infrared threshold displays of the infrared 
characteristics of four electrically good and ten electrically defective 
devices were generated. The devices used in this evaluation were silicon 
planar epitaxial DTL triple 3 -input gates fabricated with bilayer metal- 
ization patterns. A photomicrograph of the device is shown in Figure 4-54. 
Figure 4.54 - Photomicrograph of bilayer DTL 3-input gate. 
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The i n f r a r e d  d isp lays were obtained by scanning the  devices dur ing 
the  t ime they were operat ing under i d e n t i c a l  vo l tage condi t ions.  The 
e l e c t r i c a l  t e s t  c i r c u i t  i s  shown i n  F igure 4.55. 
/. 75K 
I .  
FIGURE 4.55 - Test C i r c u i t  f o r  B i l aye r  T r i p l e  3-Input Gate. 
A l l  o f  the de fec t ive  devices were subjected t o  a phys ica l  ana lys is  
t o  determine the f a i l u r e  mode, and t o  a c i r c u i t  analys is  t o  determine 
how the f a i l u r e  mode associated w i t h  each defect  should a f f e c t  the 
in f ra red  cha rac te r i s t i cs  o f  those devices when compared t o  i n f r a r e d  
cha rac te r i s t i cs  o f  an e l e c t r i c a l l y  good device. Because the  i n f ra red  
data were co l l ec ted  w i t h  each device operat ing under i d e n t i c a l  impressed 
4.78 
voltages there were d i f fe rences  i n  t o t a l  ch ip  d i ss ipa t i ons  s ince the 
normal v a r i a t i o n  i n  r e s i s t o r  values and the  e f f e c t  o f  the  defects caused 
d i f f e r e n t  currents  t o  f low i n  each device. 
ren t  l e v e l )  devices 
low d i ss ipa t i on  devices. Therefore, t o  evaluate the  data it was necessary 
t o  compare heat ing pat terns i n  addit. ion t o  the  actual  operat ing temper- 
atures o f  these devices. The i n f r a r e d  cha rac te r i s t i cs  o f  f i v e  o f  
the  ten  de fec t ive  devices were s ign i f  i c a n t l y  d i f f e r e n t  from the 
cha rac te r i s t i cs  of t he  good devices. 
d i f f e r e n t  cha rac te r i s t i cs  were those devices t h a t  were located a t  the  
extremes o f  t he  cur ren t  l e v e l  d i s t r i b u t i o n  (See Table 4 * 2 ) - F i g u r e  4.56 
i s  a d i sp lay  o f  device #20 (low current ) ,  F igure 4.57 is o f  device #216 
(good device) and F igure 4.58 i s  o f  device #12 (h igh current ) .  
The h igh d i s s i p a t i o n  (h igh cur-  
operated a t  s l  i g h t l y  higher temperatures than the  
The devices w i t h  s i g n i f i c a n t l y  
The remaining f i v e  de fec t ive  devices were devices t h a t  were located 
near the  center o f  the current  l e v e l  d i s t r i b u t i o n  and exh ib i ted  on ly  
subt le  dif ferences i n  in f rared cha rac te r i s t i cs  from the  good devices. 
F igure  4.59 i s  a .color modulated i n f ra red  d i sp lay  o f  such a device. 
These suble d i f fe rences  i n  i n f ra red  c h a r a c t e r i s t i c s  appear t o  be 
s l i g h t l y  higher temperature regions i n  o r  near areas t h a t  d iss ipa ted  
more than normal power because o f  t he  device de fec t .  
devices exh ib i ted  s l  i g h t l y  d i f f e r e n t  operat ing temperatures, but  the  heat ing 
pa t te rns  were cons is ten t .  These devices b?d a r e l a t i v e l y  t i g h t  d i s t r i b u t i o n  
of cur ren t  leve ls  and were located near the  median o f  the  t o t a l  d i s t r i b u t i o n .  
Analysis of these data i s  summarized i n  Table 4.2.. 
The good e l e c t r i c a l  
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FIGURE 4.56 - Color modulated 
infrared display of defect ive 
bilayer device showing a 
significant difference from 
good device. 
FIGURE 4.57 - Color modulated 
infrared display of good 
b i 1 ayer dev ice. 
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FIGURE 4.58 - Color modulated FIGURE 4.59 - Color modulated 
infrared display of defective infrared display of defective 
bilayer device showing significant bilayer device showing subtle 
difference from good device. differences from good device. 
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Based on the analys is  given i n  Table 4.2, and the c o l o r  modulated 
i n f ra red  d isp lays o f  Figures 4.56, 4.57, 4.58, and 4.59, t o  the  extent 
t h a t  a given device process i s  uni form it i s  poss ib le  t o  determine 
n f  rared some device operat ional  cond i t i on  t h a t  w i l l  permit  d e f i n i t e  
d i f f e r e n t i a t i o n s  o f  some e l e c t r i c a l l y  de fec t i ve  devices from 
e l e c t r i c a l  devices. In  t h i s  evaluation,devices 12, 14, 15, 
good 
8 and 20 
exh ib i t ed  i n f ra red  c h a r a c t e r i s t i c s  s u f f i c i e n t l y  d i f f e r e n t  from the 
e l e c t r i c a l l y  good devices t o  immediately character ize them as defect ive.  
Devices 11, 13, 16, 17 and 19 were a l s o  e l e c t r i c a l l y  defective, but 
t h e i r  i n f r a r e d  c h a r a c t e r i s t i c s  show only sub t le  
d i f f e rences  from the good devices. 
4.12.3 Color Modulated In f ra red  Displays o f  One E l e c t r i c a l l y  Good, and of 
E l e c t r i c a l l y  Defect ive Complex B ipo la r  Arrays. 
generated. Each device contains 415 components interconnec 
use o f  b i l a y e r  me ta l i za t i on  techniques i n  an RTL con f igu ra t  
Color modulated i n f ra red  d isp lays of one e l e c t r i c a l l y  good, and 
three e l e c t r i c a l l y  de fec t i ve  complex b i p o l a r  a r ray  devices were 
ed w i t h  the 
on. A 
b lock  diagram photomicrograph o f  t he  device i s  shown in Figure 4.60 and a 
i n  F igure 4.61. The in f ra red  d isp lays were made dur ing the t ime the devices 
were operat ing under simultaneous a p p l i c a t i o n  of a 3 v o l t  Vcc and a 2V, 
10 kHz clock.  The c i r c u i t  i s  shown in  Figure 4.62. The 
c o l o r  d isp lays of two of the de fec t i ve  devices were s i g n i f i c a n t l y  
d i f f e r e n t  from the  e l e c t r i c a l l y  good device. 
t h i r d  defect ive device was s i m i l a r  t o  the  good device, but d i d  show 
The c o l o r  d i sp lay  o f  the 
some s l  igh t  d i f ferences i n  thermal c h a r a c t e r i s t i c s .  
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Because o f  the complexity and the use of a b i  
system which r e s t r i c t s  probe measurements dur ing f a  
f a i l u r e  mode o f  the  three defect ive- complex b ipo la r  
ayer metal i z a t i o n  
l u r e  analysis, the  
arrays was 
determined by evaluat ing the e l e c t r i c a l  imasurements made a t  t h e i r  
external  te rmina ls .  The f a i l u r e  mode and radiographic 
data were then evaluated t o  determine the reasons f o r  the d i f f e rence  i n  
the co lo r  modulated in f ra red  d isp lays o f  the de fec t ive  devices when 
compared t o  the  co lo r  modulated d isp lay  of an e l e c t r i c a l l y  good device. 
The r e s u l t s  o f  t h i s  evaluat ion are  summarized i n  Table 4.3. 
t h i s  summary, in f ra red  inspect ion o f  operat ing 
because o f  vo ids 
de fec t ive  
r i c a l  defect .  
As ind icated by 
devices indicated var 
i n  the ch ip  -to-header 
devices showed a poss 
a t ions  i n  operat ing temperatures 
bonds, but on ly  one o f  the three 
b l e  in f ra red  ind ica t ion  o f  the e 
Figure 4.60 - Photomicrograph o f  Complex B ipo la r  Array Device- 
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I- d 
FIGURE 4.62 - Test Circuit for Complex Bipolar Array. 
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4.12.4 Conclusions 
The data c o l l e c t e d  dur ing t h i s  evaluat ion indicated t h a t  t he  
u t i 1  i z a t i o n  o f  i n f r a r e d  scanning techniques t o  i s o l a t e  the i nd i v idua l  
components o f  an in tegrated c i r c u i t  t h a t  were responsible f o r  t he  
e l e c t r i c a l  f a i l u r e  o f  the device, by comparing the r a d i a t i o n  pat terns 
o f  the de fec t i ve  devices t o  the pat terns obtained from e l e c t r i c a l l y  
good devices,was no t  always e f f e c t i v e .  The reasons f o r  t h i s  are: 
Depending upon the nature o f  the defect  and the c i r c u i t  
i n  which the device i s  operated, t he  d i f f e rence  i n  
operat ing temperature between good and de fec t i ve  
components may be negl i g i b l e .  
a. 
b. Equipment l i m i t a t i o n s  required t h a t  the c i r c u i t s  be 
permi t ted t o  achieve thermal e q u i l i b r i u m  before 
scanning was i n i t i a t e d .  This, because o f  the good 
t h e r m 1  conduc t i v i t y  o f  s i 1  icon, r e s u l t s  i n  llwashing ou t t1  
some o f  t he  thermal d e t a i l  t h a t  should be present 
s h o r t l y  a f t e r  the appl i c a t  ion o f  power. 
c. Chip-to-header bond voids, may cause thermal gradients 
s u f f i c i e n t  t o  mask the thermal d e t a i l s  r e s u l t i n g  
from d e f e c t i v e  components. 
However, i n  s p i t e  o f  the d i f f i c u l t i e s  experienced i n  thermal ly  l o c a t i n g  
the components responsible f o r  e l e c t r i c a l  f a i l u r e ,  the scanning data 
d i d  show t h a t  the o v e r a l l  i n f r a r e d  c h a r a c t e r i s t i c s  o f  de fec t i ve  
devices were s u f f i c i e n t l y  d i f f e r e n t  from good e l e c t r i c a l  devices t o  
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e a s i l y  detect  t he  de fec t i ve  devices i n  more than 50 percent o f  the cases 
evaluated. Subtle i n f r a r e d  d i f ferences were seen between the 
c h a r a c t e r i s t i c s  o f  good and de fec t i ve  devices i n  some o f  the remaining 
cases, and although these d i f ferences would be d i f f i c u l t  t o  u t i l i z e  t o  
v i s u a l l y  screen de fec t i ve  devices, it i s  conceivable t h a t  a computer 
or iented comparison could accomplish t h i s  task. It i s  a l s o  probable 
t h a t  a computer or iented comparison could i s o l a t e  de fec t i ve  component 
areas much more e f f e c t i v e l y  than a v i sua l  inspect ion o f  the photographed 
v i sua l  d isp lay.  F ina l  ly, higher scanning rates would enhance the  
d e f i n i t i o n  o f  abnormal r a d i a t i o n  patterns, and a i d  i n  the i s o l a t i o n  
o f  de fec t i ve  device regions. 
4.13 OTHER DATA 
During the  course o f  the contract,some small scale evaluat ions 
were performed which y ie lded data worthy o f  mention, a l though there 
was not  a s u f f i c i e n t  q u a n t i t y  o f  such data t o  assess the ef fect iveness 
o f  the procedure, o r  the data i s  p r i m a r i l y  o f  academ c rather  than 
p r a c t i c a l  i n te res t .  These evaluat ions are reported n the  subsequent 
paragraphs o f  t h i s  sect ion. 
4.13.1 F1 i p  Chip Heatinq Evaluat ion 
A s i n g l e  device o f  m u l t i p l e  f l i p  ch ip  const ruct ion was evaluated. 
The device contained four  a c t i v e  s i l i c o n  devices f l i p  chipped onto a 
s i l i c o n  subst rate which contained t h e  interconnect ing me ta i i za t i on  
patterns.  The s i 1  icon substrate was header bonded i n t o  a metal bottom 
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f l a t  package. The data obtained indicated t h a t  there.  i s  s u f f i c i e n t  
thermal conduction through the e l e c t r i c a l  contacts between the a c t i v e  
ch ip  and the  s i l i c o n  subst rate t o  maintain the  a c t i v e  ch ip  a t  a 
reasonably even operat ing temperature w i t h  a r e l a t i v e l y  small gradient  
between the  ch ip  and the substrate.  
to-header bond voids under the s i l i c o n  substrate which caused the areas 
above the voids t o  operate a t  a higher temperature than the  areas above 
the w e l l  bonded por t ions  o f  the  substrate.  The existence o f  voids i n  
the substrate-to-header bond was confirmed by radiographic techniques. 
The evaluat ion a l s o  ind icated c h i p -  
4.13.2 Heatinq Patterns Exhib i ted by D i f fused Resistors 
In f ra red  evaluat ions were made on several d i f f used  r e s i s t o r s  w i t h  
the  use o f  the  c o l o r  threshold modulated d isp lay  system. 
u t i l i z e d  consisted o f  P type res i s to rs  d i f f used  i n t o  N type s i 1  icon 
substrates.  E l e c t r i c a l  contacts  xere made on ly  t o  the  res i s to r ,w i th  
no p rov i s ion  f o r  app l i ca t i on  o f  the p o s i t i v e  po ten t i a l  t o  the  r e s i s t o r  
bathtub. The co lo r  threshold d isp lays  ind icated t h a t  the  end o f  the  
r e s i s t o r  t o  which the  p o s i t i v e  po ten t i a l  was appl ied operated a t  a 
lower temperature than the  end t o  which the negat ive p o t e n t i a l  was 
appl ied. The e f f e c t  was dupl icated on four  d i f f e r e n t  res i s to rs .  
Reversal o f  the d i r e c t i o n  o f  cur ren t  f low a l s o  reversed the  heat ing 
e f fec t ,  and app l i ca t i on  o f  the  p o s i t i v e  p o t e n t i a l  t o  the bathtub had 
the e f f e c t  o f  equal i z i n g  the  operat ing temperature along the  e n t i r e  
length o f  the r e s i s t o r .  The cause o f  the  unequal heat ing e f f e c t  i s  
the spreading o f  the current  i n t o  the bathtub region a t  the  h igh 
The vehic les 
4.90 
p o t e n t i a l  end o f  the r e s i s t o r  and the co l lapse o f  current  i n t o  the  
r e s i s t o r  d i f f u s i o n  a t  the low p o t e n t i a l  end o f  the r e s i s t o r s .  This 
causes a higher current  densi ty  a t  t he  low p o t e n t i a l  end o f  the r e s i s t o r  
and therefore more ohmic heat ing/uni t  volume and consequently higher 
operat ing temperatures. 
4.13.3 Location of Inversion Reqion i n  a P -  MOST Device 
A s i n g l e  P -  MOST known t o  e x h i b i t  h igh leakage currents  because 
o f  invers ion o f  the substrate was in f rared scanned dur ing the t ime o f  appl i- 
c a t i o n  o f  a vol tage s u f f i c i e n t  t o  cause h igh inversion leakage. This 
resul ted i n  the i n f r a r e d  detect ion o f  a loca l  ized heat spot, suspected 
t o  be the  inverted region o f  the device. 
4.14 SUMMARY 
The evaluat ions performed as p a r t  o f  t h i s  contract, and discussed 
i n  the foregoing p a r t s  o f  t h i s  sect ion, demonstrated t h a t  i n f ra red  techniques 
were q u i t e  e f f e c t i v e  for .  determining the existence o f :  
a. Voids i n  the chip-to-header bonds o f  semiconductor devices. 
b. Local ized heating, i n  the metal i z a t i o n  pat terns o f  
semiconductor devices, r e s u l t i n g  from c o n s t r i c t  ions o f  
the p a t t e r n  because o f  scratches o r  oxide steps. 
c. Local ized heating, a t  v ias i n  b i l a y e r  metal i r e d  devices, 
r e s u l t i n g  from poor ohmic contact  i n  the  v ia .  
d. Excessive heat ing o f  i n t e r n a l  lead wires because o f  
ohmic heat ing r e s u l t i n g  from h igh e l e c t r i c a l  currents.  
e. Cracks i n  semiconductor chips. 
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In f ra red  techniques are  a l so  q u i t e  e f f e c t i v e  i n  determing the  
thermal resistance o f  in tegrated c i r c u i t  devices because the technique 
i s  independent o f  the  manner i n  which power i s  d iss ipa ted  i n  the 
c i r c u i t ;  therefore, the value obtained f o r  thermal res is tance w i l l  be 
more representat ive o f  the s i t u a t i o n  which e x i s t s  i n  use. Other . 
techniques f o r  the  measurement o f  thermal res is tance depend upon 
measurement and c a l  i b r a t  ion o f  temperature sens i t i ve  paramters o f  
i n t e r n a l  components, which may not be access ib le  i n  in tegrated c i r c u i t s .  
The evaluat ions a l s o  demonstrated t h a t  i n f r a r e d  techniques may be 
e f f e c t i v e  f o r  t he  de tec t ion  o f ;  
a. E l e c t r i c a l l y  de fec t i ve  semiconductor devices by comparing 
the  i n f ra red  cha rac te r i s t i cs  o f  the de fec t ive  devices t o  
the  i n f r a r e d  cha rac te r i s t i cs  o f  good devices when measured 
wh i l e  operat ing under ident ica 1 cond it ions. 
b. Poor i n t e r n a l  w i re  bonds by measuring the temperature 
d i f f e r e n t i a l  between the bonding surface and the  
i n t e r n a l  w i r e  j u s t  behind the  bond. 
c. Cer ta in  photo1 i thographic  defects  i f  the  defects  r e s u l t  
i n  increased cur ren t  f low s u f f i c i e n t  t o  cause l o c a l  ized 
heating. 
A l l  o f  the  above procedures can be usefu l  i n  e i t h e r  f a i l u r e  
analys is  o r .  qual i f  i c a t  ion, and some o f  these in f ra red  c h a r a c t e r i s t i c s  
can be useful  i n  screening semiconductor devices. The u t i  1 i z a t i o n  of 
these techniques a re  discussed i n  more d e t a i l  i n  the  subsequent 
sect ions concerning qual i f i c a t i o n  (Section v), f a i l u r e  ana lys is  
(Section V I ) ,  and screening (Section V I I ) .  
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V - INFRARED QUAL IF I CAT I ON PROCEDURES 
5.1 GENERAL 
The purpose o f  t h i s  sect ion i s  t o  spec i fy  q u a l i f i c a t i o n  t e s t s  t h a t  
can be used t o  v e r i f y  m i c r o c i r c u i t  design adequacy and t o  detect  poor 
workmanship o r  lack  o f  process con t ro l .  The q u a l i f i c a t i o n  t e s t  procedures 
t h a t  a re  def ined i n  the  subsequent paragraphs are based on the  
i n f r a r e d  cha rac te r i s t i cs  o f  semiccnductor devices t h a t  can be re la ted  t o  
device design and c o n t r o l l a b l e  process var ia t ions .  This  sec t ion  a l so  
def ines gene.ra1 c r i t e r i a ,  based on the measured in f ra red  cha rac te r i s t i cs  
of semiconductor devices, which may ind icate p o t e n t i a l  re1 i a b i  1 i t y  hazards e 
However, s p e c i f i c  r e j e c t i o n  c r i t e r i a  are no t  def 
the design o f  devices and i n  t h e i r  s p e c i f i c  appl 
more o r  less s t r i n g e n t  c r i t e r i a  than can be spec 
ned because d i f fe rences  i n  
ca t  ions may necess i t a t e  
f i e d  i n  a general document. 
5.2 VER IF KAT I ON OF DES I GN ADEQUACY 
The u t i  1 i z a t  ion o f  in f ra red  techniques f o r  the ver i f  i c a t  ion o f  
m i c r o c i r c u i t  o r  o ther  semiconductor des ign adequac ies in fe rs  t h a t  
de f i c ienc ies  i n  the des ign r e s u l t  i n  areas o f  abnormal operat ing 
temperature w i t h i n  the device. 
manifestat ions a re  not detectable w i t h  the  in f ra red  techniques described 
herein. 
measurement techn iques include: 
Design de f i c ienc ies  which have no thermal 
Design adequacies which can be v e r i f i e d  w i t h  the  use o f  i n f r a r e d  
a. The proper se lec t i on  of a package and chip-to-header 
bonding mater ia l  t o  maintain the  ove ra l l  operat ing 
j u n t i o n  temperatures o f  the  semiconductor ch ip  a t  a 
re1 iab le  leve l  
b, The use o f  i n te rna l  lead wires o f  s u f f i c i e n t  size, 
consistent w i t h  the current  requirements o f  the device 
t o  preclude thermal expansion because o f  ohmic heating. 
Continued expans ion and contract  ion o f  inadequate i n te rna l  
wires, caused by current  pulses i n  the wire, can r e s u l t  .in 
f a t  igue f a  i 1 ures. 
The u t i 1  i z a t i o n  o f  adequate ch ip metal i z a t i o n  pat terns 
t o  insure t h a t  e lec t rom ig ra t i on  does not  occur. I f  the 
designed meta l i za t i on  cross sect ional  area r e s u l t s  i n  
cu r ren t  dens i t i es  o f  approximately 1 x lo6 amperes/cm2 a t  any 
p o i n t  along i t s  length, e lect romigrat ion w i l l  occur very r a p i d l y  and 
w i l l  genera l ly  be i n i t i a t e d  a t  the me ta l i za t i on  c o n s t r i c t i o n s  
which normal ly occur a t  oxide steps. 
c. 
Design l i m i t s  should be we l l  
below a current  densi ty  o f  1 x 10 6 amperes/cm 2 . 
d. The use o f  v ias and other  contact  cuts  o f  s u f f i c i e n t  size, and 
fab r i ca ted  according t o  a r e l i a b l e  process t o  preclude 
loca l  ized ohmic heating which can r e s u l t  
the device. 
The use o f  s u f f i c i e n t l y  large d i f f u s e d  components, spaced 
w i t h i n  the  ch ip t o  prevent abnormally high power dens i t i es  
w i t h  r e s u l t i n g  l oca l i zed  heat spots i n  the device. 
A more d e t a i l e d  discussion o f  the above items, a through e, 
In f a i l u r e  o f  
e. 
together w i t h  an i n f r a r e d  procedure f o r  the v e r i f i c a t i o n  o f  the adequacy 
o f  the design i s  contained i n  subsections 5.4.1 through’ 5.4.6. 
5.3 POOR WORKMANSHIP OR LACK OF PROCESS CONTROL 
Infrared detectable defects which are the result of poor workman- 
ship or lack of process control are discussed collectively because 
these defects are of the same nature and it is the responsibility of 
the process control operation to eliminate areas of poor workmanship 
through inspect ion and training programs. The infrared detectable 
defects which result from poor workmanship or lack of process control 
include: 
a. Voids in the chip-to-header bond which result in 
localized areas of high operating temperature of 
semiconductor devices. 
b. Undersize interconnecting metal ization patterns resulting 
from inaccurate control of the metal deposition and/or 
metal ization etching process. Thin metal ization patterns 
at oxide steps can also result from shadowing because of 
improper location of the wafer during the metalization 
depos it ion process e 
c. Photolithographic defects resulting in severe constrictions 
in diffused components or  metalization patterns, or in 
pinholes at critical locations in the device geometry. 
Another type of defect which it may be possible to detect (but 
which was not included in the above list because the relationship of 
the defect to its infrared manifestations has not been definitely 
established) is poor internal wire bonds. The infrared procedures 
chat can be used for the detection o f  these workmanship or processing 
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defects are e s s e n t i a l l y  the same as the procedures f o r  detect ing design 
inadequacies,and f o r  t h a t  reason -the procedures a re  included i n  the same 
subsections (5.4.1 through 5.4.5) as the discussions and procedures f o r  
detect ion o f  design inadequacies. I t  should be noted however t h a t  
a l though chip-to-header bond voids were a t t r i b u t e d  t o  poor workmanship 
or l ack  o f  process con t ro l  i n  the preceeding summaries o f  i n f r a r e d  
detectable defects, it i s  e n t i r e l y  conceivable t h a t  t h i s  type o f  defect  
can r e s u l t  from an inadequate design. As an example o f  chip-to-header 
bond voids r e s u l t i n g  from des ign de f l c ienc ies  cons ider the u t i  1 i z a t  ion 
o f  a donut shaped preform. I f  the  preform i s  placed between the 
package and the  ch ip  t o  be bonded, a i r  can be trapped in  the donut hole be- 
f o r e  me l t i ng  i s  completed and cause a vo id i n  the center o f  the bond. 
5.4 INfRARED PROCEDURE 
The in f ra red  procedures t h a t  are e f f e c t i v e  i n  de tec t i ng  the 
various design inadequacies and defects r e s u l t i n g  from poor workmanship 
o r  l ack  o f  process con t ro l  described i n  the  preceeding paragraphs a re  
presented i n  the fo l lowing subsect ions. Because there i s  overlapping 
i n  the i n f r a r e d  procedures u t i l i z e d  f o r  design and/or processing defect  
detect  ion, the i n f r a r e d  procedures w i l l  be def ined according t o  the 
type of defect they can detect, regardless o f  whether the defect  i s  
ascr ibed t o  des ign o r  process ing. 
5.4.1 Packaqinq Related Defects 
Packaging related, i n f ra red  detectable defects can be a t t r i b u t e d  
t o  e i t h e r :  
a. The se lec t i on  o f  an improper package, o r  
b. The lack o f  i n t e g r i t y  o f  the chip-to-header bond. 
In the case o f  se lec t i ng  the proper package, t h i s  has not presented 
much d i f f i c u l t y  i n  most o f  the integrated c i r c u i t s  commercia 
t o  t h i s  t ime, because the t o t a l  ch ip  d i ss ipa t i ons  were r e l a t  
and therefore j u n c t i o n  temperatures d i d  not  present any rea l  
so f a r  as the re1 i a b i l  i t y  o f  the device was concerned, Poss 
exceptions t o  t h i s  genera l i za t i on  a re  some integrated amp l i f i e rs ,  power 
Darl ington trans is tors ,  and obviously d i s c r e t e  power devices. However, 
considerable i n d u s t r i a l  e f f o r t  i s  c u r r e n t l y  being expended on the  
development of both s'ingle- and mu1 t i p l e - c h i p  LS I (Large Scale 
Integrated) and MI {Medium Scale Integrated) devices. The LSI 
and MSI  approach i s  t o  achieve much higher component packing 
dens i t  ies, on genera 1 l y  larger  -than convent  ional integrated c i rcu i t s ize 
chips, by the reduct ion o f  the i nd i v idua l  component geometries. The 
f i n a l  LSI o r  MI package may conta in  e i t h e r  one or more chips, 
but  the thermal s i g n i f i c a n c e i s  t h a t  the power dens i t i es  w i t h i n  any given 
ch ip  and the t o t a l  power d iss ipated w i t h i n  any given package w i l l  be 
tremendously increased over conventional integrated c i r c u i t s .  For example, 
o f  power (a commonly discussed LSI package 
(E3 = 0.15~c/mW w i l l  r e s u l t  i n  
This temperature r i s e  plus the  
on temperature o f  175OC, which 
operation, no t  because the ch ip  
temperatures in t h i s  range g r e a t l y  
JA 
accelerate chemical and physical  mechanisms such as e lect romigrat  ion, 
d i s s i p a t i o n  o f  1000 mW 
d i s s i p a t i o n )  i n  a t y p i c a  
a j unct ion temperature r 
ambient temperature resu 
approaches the threshold 
f l a t  package 
se o f  15OoC. 
t s  in a j u n c t  
o f  unrel  i ab le  
i t s e l f  w i  1 1  be unrel  iable, but  because 
l y  a v a i l a b l e  
v e l y  low 
prob 1 ems 
b l e  
intermetal  1 i c  format ion, surface ion migration, and react ions between 
contaminents and the designed device s t ruc tu re .  
The operat ing j u n c t i o n  temperature can become q u i t e  h igh i f  
the chip-to-header bond i s  made w i t h  a mater ia l  o f  h igh thermal 
resistance (such as glass) and/or voids occur i n  the bond. 
these s i t u a t i o n s  w i l l  r e s t r i c t  the t r a n s f e r  o f  heat from the ch ip  t o  
the o.utside world. Although a h igh thermal resistance bonding mater ia l  
may not  be o f  any s ign i f i cance  w i t h  a t y p i c a l  conventional integrated 
c i r c u i t ,  voids i n  the chip-to-header bond o f  conventional in tegrated 
c i r c u i t s  can r e s u l t  i n  s i g n i f i c a n t  hot spots dur ing operation. 
Both o f  
It should a l s o  be recognized t h a t  u t i l i z a t i o n  o f  m u l t i c h i p  
assembl ies tend t o  improve the e f f e c t i v e  package thermal res istance, as 
was shown i n  Section 4.5. 
5.4.2 I n f ra red  Techniques - Packaqinq & Chip-to-Header Bonds 
The in f ra red  q u a l i f i c a t i o n  t e s t  procedure f o r  the evaluat ion o f  
packag ing and bond ing f o r  any type o f  device ( LS I ,  MS I, convent i ona 1 
IC o r  d i s c r e t e  device) should include the fo l l ow ing  determinations: 
a. A complete i n f r a r e d  scan o f  a l l  chips used i n  the assembly, 
dur ing the time the device i s  operat ing a t  i t s  maximum 
rated d iss ipat ions,  t o  locate the  area of  maximum 
operat ing temperature and t o  determine the existence ( i f  any) 
of voids i n  the chip-to-header bond. Voids w i l l  r e s u l t  i n  
h igh operat ing temperatures i n  the regions above them 
because o f  i n e f f e c t i v e  thermal t rans fe r .  In  most 
conventional integrated c i r c u i t s  voids can be detected 
w i t h  radiographic (X-ray) techniques, but  i n  the case o f  
devices which requ i re  copper o r  other h igh  atomic number 
package base mater ia ls  f o r  power d i s s i p a t i o n  reasons, 
radiographic techniques f o r  the de tec t i on  of chip-to- 
header bond voids are not e f f e c t i v e  because the t h i n  
layer o f  bonding mater ia l  i s  e s s e n t i a l l y  transparent t o  
the bombarding rad ia t i on .  In f rared techniques however, 
are not a f f e c t e d  by the package mater ia ls .  
The measurement o f  the maximum operat ing temperature a t  
the maximum rated d i s s i p a t i o n  t o  insure t h a t  t h i s  
temperature i s  not s u f f i c i e n t l y  h igh  t o  represent a 
r e l i a b i l i t y  hazard 
error,  the operat ing temperature can be measured a t  
several d i s s i p a t i o n  levels, both above and below the 
maximum rated d i s s i p a t i o n  o f  the device. 
temperatures can then be p l o t t e d  against  the d i ss ipa t i ons  
a t  which they were obtained and the slope o f  the r e s u l t i n g  
p l o t  w i l l  y i e l d  a thermal resistance value, If, dur ing 
these measurements, the device i s  mounted as it would be 
dur ing use, the thermal resistance value obtained would be 
representat ive o f  the value obtained in  actual  operat ion.  
The advantage o f  i n f ra red  determined thermal res is tance 
value i s  t h a t  the value can be ascertained w i t h  the  
device operat ing under actual  i n  use condit ions, and the  value 
determined i s  based on the highest temperature o f  the device. 
b. 
To minimize the  p o s s i b i l i t y  o f  
The operat ing 
This cannot be genera l l y  accompl ished i f  a temperature 
sens i t i ve  parameter method i s  employed f o r  t he  determinat ion 
o f  thermal resistance, because c i r c u i t  components must be 
iso la ted  t o  make accurate determinations. l s o l a t  ion i s  
required t o  preclude e r ro rs  caused by unknown leakage 
cur ren t  paths. Addi t ional ly ,  i f  a temperature sens i t i ve  
parameter method i s  employed f o r  the thermal res is tance 
determination, and the element used f o r  sensing i s  
cons i s ten t l y  located over a we l l  bonded p o r t i o n  o f  a 
ch ip  t h a t  contains chip-to-header bond voids, the most 
accura te ly  determined temperature w i l l  be lower than the  
worst-case operat ing temperature o f  t he  device. 
The general c r i t e r i a  f o r  q u a l i f i c a t i o n  o f  the design i s  t h a t  the  
i n f ra red  determinat ions do not  ind ica te  consis tent  voids i n  the  ch ip - to -  
header bond and t h a t  the  operat ing temperature o f  the device under 
maximum rated condi t ions does not  exceed the  predetermined storage 
temperature f o r  the  device const ruct ion.  As def ined i n  MIL-STD-883, 
and referenced here as a guidel ine,  the  maximum storage temperature 
f o r  an AI-Au system i s  15OoC, and f o r  an A I - A I  system the maximum 
storage temperature i s  200Oc. 
5.4.3 In te rna l  Wire Related Defects 
In te rna l  w i re  in f ra red  detectable defects can be re la ted  t o  ohmic 
heat ing and expansion o f  the wire.  This i s  the r e s u l t  of the 
u t i l i z a t i o n  of a bonding w i re  o f  t oo  small a diameter, o r  o f  t oo  h igh  
a resistance, so t h a t  the  ohmic heat ing incurred causes a f l e x i n g  of the 
wi re  because o f  thermal expansion dur ing the app 
pulses. This can eventual ly  lead t o  fa t igue f a i  
mani festat ion o f  t h i s  e f f e c t  i s  t he  observation 
i c a t i o n  o f  h igh cu r ren t  
ure. The i n f r a r e d  
o f  a temperature 
gradient along the length o f  the wire,wi th the  maximum temperature 
occurr ing approximately midway between the ch ip  and the package bond. 
The magnitude of  the temperature peak and the extent  o f  f l e x i n g  i s  a 
funct ion o f  the w i r e  length and ma te r ia l ;  the current  densi ty  and 
durat ion o f  the current  pulse; and the temperature o f  the heat s inks a t  
the terminat ions o f  the wire. Therefore, c r i t e r i a  f o r  acceptance cannot 
be spec i f i ed  f o r  any general case, however, dur ing q u a l i f i c a t i o n  i t  i s  
advisable t o  compare the  temperature o f  the midpoint o f  the lead wires, 
(which a r e  subject  t o  pulsed current  operation) t o  the temperature o f  
the ch ip  i n  the p rox im i t y  o f  the w i r e  bond, and observe whether the 
wi re temperature f l uc tua tes  w i t h  current  pulses. 
temperature i s  greater  than the ch ip temperature,and/or i f  w i re  
temperature shows f l u c t u a t i o n  w t h  the current  pulses, measurements o f  
the extent o f  w i r e  f l e x i n g  shou d be determined t o  assess whether t h i s  
e f f e c t  represents a re1 i a b i l  i t y  hazard. 
s o  d i c ta te ,  a pulsed operat ional  l i f e  t e s t  should be performed. 
I f  the midpoint w i r e  
I f  the above determinations 
Wire f l e x i n g  should not represent a re1 i a b i l  i t y  hazaqd w i t h  
conventional in tegrated c i r c u i t s ,  but  m y  be a hazard w i t h  LSI devices,. 
p a r t i c u l a r l y  i f  the  devices a re  u t i l i z e d  i n  a system where the Vcc 
supply i s  cycled o f f  and on t o  conserve l i m i t e d  power resources. 
5.4*4 In te rna l  Wire Bonding Defects 
Infrared detectable i n t e r n a l  w i re  bonding defects  a r e  re la ted  t o  
the lack of mechanical i n t e g r i t y  a t  the bond, e i t h e r  because o f  
contamination a t  the bonding surface, improper bonding con t ro l s  o r  
bonding-induced cons t r i c t i ons  in the  wire. A l l  o f  these defects  should 
have the  ef fect  o f  impeding the t rans fe r  o f  heat from the s i l i c o n  ch ip  
through the  w i re  t o  the external  package bond. Therefore, the  
temperature d i f f e r e n t i a l  between the bonding pad and the  bonding w i r e  
immediately behind the  bond should be greater  f o r  poor bonds than f o r  
we l l  made bonds. In f ra red  measurements o f  t h i s  temperature d i f f e r e n t i a l ,  
discussed in Sect ion 4.10, d i d  no t  f u l l y  co r re la te  w i t h  measured 
bond strengths.  I t i s  our op in ion t h a t  more re f i ned  d i f f e r e n t i a l  
temperature measurements w i l l  
but  no q u a l i f i c a t i o n  procedure i s  recommended because o f  on ly  l i m i t e d  
success i n  our previous attempts a t  de tec t ing  poor bonds w i t h  in f ra red  
be capable o f  de tec t ing  poor w i re  bonds, 
techn iques e 
5.4.5 Me ta l i za t i on  Patterns 
In f ra red  detectable metal i z a t  on defects r e s u l t  from s u f f  c i e n t  
c o n s t r i c t i o n  o f  the meta l i za t ion  pa t te rn  t o  cause current  dens i t i es  o f  
approximately 1 x 10 6 amperes/cm 2 I) This current  densi ty  i s  s u f f i c i e n t l y  
h igh t o  r e s u l t  i n  e lec t romigra t ion  f a i l u r e  o f  devices. These 
cons t r i c t i ons  may be p h o t o l i t h  defects, scratches, o r  cons t r i c t i ons  a t  
oxide steps. The i n f r a r e d  mani festat ion o f  such defects i s  the  
existence of a thermal sp ike i n  an i n f r a r e d  l i n e  scan made along the  
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length o f  the me ta l i za t i on  pat tern.  
procedure f o r  t h i s  type of defect i s  the execution o f  an i n f r a r e d  l i n e  
The recommended q u a l i f i c a t i o n  
scan along the me ta l i za t i on  s t r i p e s  which conduct h igh current  leve ls ,  
If thermal spikes are observed a t  suspected designed c o n s t r i c t i o n s  i n  
the me ta l i za t i on  pattern, wh i l e  the device i s  operat ing a t  i t s  maximum 
rat ing,  the design should not be qual i f i e d .  However, i f  the thermal 
spikes a r e  the r e s u l t  o f  a r e j e c t a b l e  random meta l i za t i on  scratch which 
escaped de tec t i on  dur ing the preseal v isual  inspect ion, e f f o r t s  should 
be made t o  improve the ef fect iveness o f  the preseal v i sua l  inspect ion 
ra the r  than refus ing t o  qual i f y  the design. When performing 1 ine scans 
along a meta l i za t i on  s t r i pe ,  precautions must be taken t o  insure t h a t  
i nd i ca t i ons  o f  a thermal spike are t r u l y  thermal i n  nature. I f  a scan 
being made along an aluminum (low emiss i v i t y )  s t r i p e  crosses a scratch 
i n  the s t r i p e  where Si02 (high emiss i v i t y )  i s  exposed, a spike may 
r e s u l t  from an apparent increase i n  e m i s s i v i t y  as the detector 
simultaneously looks a t  an A1 and Si02 surface. 
spikes a re  t r u l y  thermal, two l i n e  scans along the  same l i n e  are 
required, one o f  t he  scans i s  made dur ing the t ime the device i s  
operating, and the  second scan i s  made w i t h  the device heated t o  an 
elevated temperature approximating the temperature o f  the s t r i p e  dur ing 
the time the  power scan was performed. 
co r rec t i on  o f  the power scan f o r  e m i s s i v i t y  d i f ferences through the 
u t i l i z a t i o n  o f  the constant temperature scan w i l l  permit accurate 
assessment o f  the nature o f  the observed spike. 
To insure t h a t  observed 
Comparisons of the two scans and 
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5.4,6 Local ized Heat ins a t  Vias o r  Other Contact Cuts 
Local ized heat ing a t  v ias  or other contact  cuts  may r e s u l t  from: 1 )  
h igh ohmic res is tance contacts between the e l e c t r i c a l l y  connected layers 
o f  mater ia l  because of inadequate processing, 2) too  
small a contact  area because of poor design, I 3 )  i n s u f f i c i e n t  opening 
o f  the  contact  cu t  dur ing etching,or 4) contamination 
w i t h i n  the cut .  The in f ra red  mani festat ion o f  such a defect  i s  
loca l  ized heat ing i n  the  contact  cut  area, and t h i s  heat ing can cause 
device f a  i l u r e  because o f  several mechanisms (dependent upon cur ren t  
density, operat ing temperature, the existence o f  contaminat ion and the  
loca t ion  o f  the  defect), inc lud ing electromigrat ion,  K i rchendal l  
d i f f us ion ,  and A I - S i  i n te rac t ion .  The recommended in f ra red  
q u a l i f i c a t i o n  procedure i s  the performance o f  a l i n e  scan which crosses 
through the center o f  the v i a  dur ing the t ime the  device i s  operat ing 
a t  i t s  maximum ra t ings .  The observation o f  a t r u e  thermal spike should 
be cause f o r  r e j e c t i o n  o f  the design. The same precautions as were 
described i n  the  previous subsect ion (5.4.5) concerning the assessment 
o f  whether the  observed sp ike i s  a t r u e  thermal spike must a l s o  be 
observed i n  t h i s  case. 
5.4.7 Local ized Hot Areas Resul t inq From Hiqh Power Densi t ies 
I n  some in tegrated c i r c u i t  designs, output components d i ss ipa te  
considerably more power than the  other components o f  the device. 
Generally, the s i z e  o f  these h igh  d i ss ipa t i on  elements i s  increased t o  
reduce power dens i t ies .  It is conceivable however, t h a t  these p a r t i c u l a r  
components may d i ss ipa te  s u f f i c i e n t  power i n  s p i t e  o f  t h e i r  increased 
geometry t o  cause loca l i zed  hot s p o t s .  In  the  case where more than one 
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output device i s  u t i 1  i t e d  f o r  e l e c t r i c a l  reasonsj they are usua l l y  
located i n  the same general ch ip  area and t h e i r  p rox im i t y  can mutual ly  
a f f e c t  t h e i r  operat ing temperature. The existence 
o f  such hot spots can be determined by performing a complete i n f r a r e d  
scan o f  the device dur ing the  time the device i s  operat ing a t  i t s  
maximum rated condi t ions.  If the  device performs according t o  i t s  
e l e c t r i c a l  spec i f i ca t i on ,  and does not e x h i b i t  operat ing temperatures 
which would categor ize the device as a re1 i a b i l  i t y  hazard, t he  design 
should be acceptable. 
5.4.8 Photo1 i thoqraphic Defects 
Severe d i f f u s e d  component cons t r i c t i ons  r e s u l t i n g  from pho to l i t ho -  
graphic defects can r e s u l t  i n  loca l  ized areas o f  abnormal heating, but  
the cases i n  which t h i s  type o f  defect  occurs are i n  devices t h a t  have 
escaped r e j e c t  ion dur ing the prescan v isual  inspect ions. The 
observations o f  l oca l i zed  heating because o f  component c o n s t r i c t i o n s  due 
t o  photo l i thographic  defects, e i t h e r  by l i n e  scanning o r  by scanning the 
e n t i r e  device, should r e s u l t  i n  an e f f o r t  t o  improve the ef fect iveness 
o f  the v i sua l  inspection. 
The existence o f  hot areas i n  a design r e s u l t i n g  from h igh leakage 
currents  through p inhole defects may represent a re1 i a b i l  i t y  hazard 
because pinholes a re  d f f i c u l t  t o  screen dur ing the  preseal v i sua l  
inspection, and genera l y  r e s u l t  from an inadequate process. I f  p inhole 
defects r e s u l t  i n  loca ized heating, which can be observed by performing 
a complete scan o f  the device, t he  design should no t  be qual i f i e d  because 
the process con t ro l  i s  un re l i ab le .  Even i f  the device i n i t i a l l y  meets 
i t s  e l e c t r i c a l  s p e c i f i c a t i o n  i n  s p i t e  o f  the heating 
it can be assumed t h a t  these regions w i l l  subsequent 
degradation o f  the e l e c t r i c a l  c h a r a c t e r i s t i c s .  
caused 
y resu 
by the defects, 
t i n  the 
5.5 SUMMARY 
The design and processing defects t h a t  a r e  detectable through the 
u t i 1  i z a t i o n  o f  the i n f ra red  detect ion techniques evaluated dur ing the 
course o f  t h i s  contract  are those defects which induce thermal e f f e c t s .  
The methods u t i l i z e d  f o r  the detect ion o f  defects w i t h  i n f r a r e d  
manifestat ions are: 
a. In f rared temperature measurements a t  d i s c r e t e  po in ts  i n  
the  device t o  determine thermal resistance values, o r  
d i f f e r e n t i a l  temperatures between two po in ts  t o  est imate 
i f  the  t r a n s f e r  o f  heat i s  impeded by thermal r e s t r i c t i o n s .  
b e  In f ra red  s i n g l e  1 ine scans t o  determine i f  thermal spikes 
occur a t  me ta l i za t i on  c o n s t r i c t i o n s  o r  contact  c u t  areas. 
c. Complete i n f ra red  scans o f  the e n t i r e  device t o  determine 
the l oca t i on  ( i f  any) o f  areas o f  abnormal operat ing 
temperature r e s u l t i n g  from chip-to-header bonding voids, 
poor device layout, o r  improperly designed components. 
5.14 
V I  - F A I L U R E  ANALYSIS PROCEDURES 
6.1 GENERAL 
The u t i 1  i z a t i o n  o f  in f ra red  techniques and de tec t ion  equipment i n  
f a i l u r e  analys is  can be q u i t e  usefu l  i n  determining the  mechanism by 
which a subsequent f a i l u r e  can occur, but  o f ten  when the f a i l u r e  has 
occurred the  i n f ra red  mani festat ion t h a t  accompanies the  mechanism w i l l  
disappear. An example o f  t h i s  type of  f a i l u r e  i s  the opening o f  a 
metal i z a t i o n  s t r i p e  because of e lec t romigra t ion  a t  a c o n s t r i c t i o n  i n  the  
metal i z a t i o n  pat tern.  P r i o r  t o  f a i l u r e  o f  the device, there i s  no 
external  e l e c t r i c a l  i nd i ca t i on  t h a t  the device w i l l  subsequently f a i l .  
A f t e r  f a i l u r e ,  the  meta l i za t ion  s t r i p e  i s  open and can conduct no 
current, thereby removing the cause o f  the i n f ra red  manifestat ions, t he  
I Z R  heat ing a t  t he  cons t r i c t i on .  This  does no t  preclude the  u t i l i z a t i o n  
of i n f ra red  techniques f o r  the analys is  o f  t h i s  type o f  f a i l u r e  mode, 
i t  i n  f a c t  enhances the  a p p l i c a b i l i t y  o f  i n f r a r e d  techniques by v i r t u e  
o f  the f a c t  t h a t  the  mechanism has no e l e c t r i c a l  warning s ignals .  I f  
t h i s  f a i l u r e  mechanism i s  common t o  a given l o t  o r  device type because 
o f  inadequate design o r  poor process control ,  o ther  devices from the same 
group, t h a t  have not  fa i led,should e x h i b i t  the i n f r a r e d  mani festat ion 
common t o  t h i s  type o f  f a i l u r e .  This  can be determined by examining 
other devices from the  group, and i f  ind icat ions o f  the mechanism are 
found the  design o r  process can be labeled as a poor r e l i a b i l i t y  r i s k ,  
p r i o r  t o  f a i l u r e  o f  the device. 
There are  exceptions t o  the  disappearance o f  the in f ra red  
mani festat ion o f  the  mechanisms upon f a i l u r e  o f  t he  device. 
i f  an i n i t i a l l y  good e l e c t r i c a l  device subsequently f a i l s  because of a 
For example 
short, r e s u l t i n g  from degradation o f  an i n i t i a l l y  present pinhole, and 
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causes add i t i ona l  cur ren t  f low i n t o  the i s o l a t i o n  region o r  o ther  d i f f used  
areas, the i n f r a r e d  m a n i f e s t a t i o n - w i l l  no t  appear u n t i l  a f t e r  f a i l u r e  o f  
the device. In f ra red  f a i l u r e  analys is  techniques w i l l  not  supplant 
conventional physics o f  f a i l u r e  type analysis, but  w i l l  supplement t h i s  
type o f  ana lys is  i n  a id ing  the  complete understanding o f  the  mechanism 
involved, Conventional physics o f  f a i l u r e  type analyses can, on many 
t h a t  are most l i k e l y  t o  e x h i b i t  
i n  t he  conf i rmat ion o f  t he  
ure analys is  procedures t h a t  
a re  app l i cab le  t o  semiconductor devices are  presented i n  the subsequent 
occas ions, ind ica te  
i n f ra red  man i fes t a t  
hypot hes i zed mechan 
the  areas i n  a device 
ons, and thereby help 
sm. The in f ra red  f a i  
paragraphs o f  t h i s  sect  ion. 
6.2 FA I LURE ANALYS I S  PROCEDURES 
In f ra red  inspect ion techniques are  e f fec t i ve ,  as described i n  
Sect ion V, f o r  the  de tec t ion  o f  re1 a b i l  i t y  hazards which r e s u l t  i n  
abnormal heat ing pa t te rns  a t  t he  max mum rated operat ing cond i t ions  of 
the device. The same defects which r e s u l t  i n  abnormal heat ing a t  the 
maximum rated condi t ions o f  the  device w i l l  genera l ly  be more prominent 
i f  the  device i s  operated a t  voltages and current  somewhat greater  than the  
maximum rated values. Therefore, i n  f a i l u r e  analys is  i f  i n f ra red  mani festat ions 
o f  the  defect  a re  not  r e a d i l y  apparent a t  the maximum rated condi t ions,  
i t  may be poss ib le  t o  increase the  voltages o r  currents  imposed, by c u t t i n g  
me ta l i za t i on  pa t te rns  i f  necessary, t o  observe the i n f r a r e d  manifestat ions 
of the defect  responsible fo r  f a i l u r e .  As p rev ious ly  stated, the r e s u l t s  
o f  a physics o f  f a i l u r e  type analys is  can be very h e l p f u l  i n  dec id ing 
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whether imposi t ion o f  higher than rated condi t ions can enhance the in f rared 
observation o f  defects. An example of such a s i t u a t i o n  i s  the case o f  a 
p inhole f a i l u r e  which r e s u l t s  i n  a leakage current  t h a t  i s  small but  
s u f f i c i e n t  t o  degrade the  device. The a p p l i c a t i o n  o f  increased 
vol tage can increase the  leakage current  so t h a t  s u f f i c i e n t  heat ing 
w i l l  occur t o  make the defect  v i s i b l e  w i t h  i n f ra red  techniques. The type 
o f  semiconductor defects t h a t  may be observed w i t h  i n f ra red  techniques, 
when scanned e i t h e r  under normally rated o r  s t ress condit ions, a r e  
presented i n  the  subsequent paragraphs. 
6.3 CHIP-TO-HEADER BOND VOIDS 
Voids i n  the chip-to-header bond can r e s u l t  in areas o f  l oca l i zed  
heating which can cause e i t h e r  catast rophic  o r  degradation type f a i l u r e s .  
Fa i l u res  may occur i f  the  extent o f  l oca l i zed  heating r e s u l t s  i n  a 
s u f f i c i e n t  temperature gradient  across the ch ip t o  cause parameter s h i f t s ,  
because o f  tk temperature c o e f f i c i e n t  o f  the parameter, t o  cause 
degradation i n  the  s p e c i f i e d  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  the device. 
This type o f  f a i l u r e  i s  most l i k e l y  t o  occur i n  devices where matched 
t r a n s i s t o r s  o r  r e s i s t o r s  a re  required. 
chip-to-header bond void, i n  an area o f  a device suscept ib le t o  second 
breakdown can r e s u l t  i n  catast rophic  f a  i lure.  The i n f r a r e d  procedure 
f o r  the de tec t i on  o f  t h i s  type o f  defect  i s  t o  perform a complete scan 
o f  the device t o  locate the areas o f  the voids and t o  c o r r e l a t e  the  
f a i l u r e  w i t h  the vo id areas. 
power i n  the chip, o r  by heating the  bottom o f  the package w i t h  a heat 
source. When power i s  d i ss ipa ted  i n  the  chip, t he  areas over voids 
Local ized heating, because o f  a 
Voids may be detected by e i t h e r  d i s s i p a t i n g  
6.3 
operate ho t te r  than the  areas over we l l  bonded port ions,  When heat ing 
the package bottom the areas over the voids are cooler  than the regions 
over the w e l l  bonded sections. 
6.4 I NVERS I ON 
It i s  sometimes poss i b l e  t o  detect  invers ion-induced f a  i lures by 
increasing the app l ied  vo l tage across the suspected inverted areas, and 
performing a complete i n f r a r e d  scan o f  t h a t  area. 
f low resul ts ,  the defect  may e x h i b i t  i t s e l f  as a region of l oca l i zed  
heating. 
I f  s u f f i c i e n t  cur ren t  
6.5 THIN FILM CONSTRICTIONS 
Th in  f i l m  cons t r i c t i ons  are the r e s u l t  o f  s-ratches, design 
res t r i c t i ons ,  o r  processing de f ic ienc ies  which reduce the  cross sec t iona l  
area o f  current-conduct ing meta l i za t ion  s t r ipes,  inc lud ing interconnect 
patterns, o r  t h i n  f i l m  res is to rs .  
i n  b i l a y e r  metal ized devices, a t  contact  cuts, o r  a t  oxide steps because 
o f  processing def ic ienc ies,  o r  may occur a t  any po in t  along the  s t r i p e  
because o f  scratches o r  des ign r e s t r i c t  ions e The in f ra red  technique f o r  
l oca t i ng  such defects i s  the performance o f  a 1 ine scan along the  center 
l i n e  of the  suspected s t r i p e  dur ing the t ime the  s t r i p e  i s  conducting 
current .  Local ized hot spots w i l l  appear as thermal spikes along the  
scan if the c o n s t r i c t i o n s  r e s u l t  i n  loca l i zed  hot spots which can cause 
device fa i l u re .  As prev ious ly  stated, i t  i s  important t o  conf i rm t h a t  
any spikes observed a r e  t r u e  thermal spikes by the  procedure o u t l i n e d  i n  
Section 5.4.5. A l s o ,  as p rev ious ly  s ta ted i n  Sect ion 6.1, i f  the  s t r i p e  
The cons t r i c t i ons  may occur a t  v ias  
6.4 
has opened, no i n f ra red  mani festat ion w i l l  be v i s ib le ,  but  i f  the device 
contains e i t h e r  design o r  processing def ic ienc ies,  t h i s  can be 
determined by scanning other devices from the same manufacturing per iod.  
6.6 PINHOLES 
Pinholes t h a t  r e s u l t  in device f a i l u r e  a re  genera l l y  o f  such low 
res i s  tance and s i ze t h a t  they w i  1 1 not  be detected as a loca 1 i zed hot 
spot ,because the  equipment ava i l ab le  does no t  have s u f f i c i e n t  reso lu t i on  
t o  detect  the small amount of l oca l  ized heat ing t h a t  may accompany the  
defect .  However, i f  the defects r e s u l t  i n  current  f low i n t o  r e s i s t i v e  
components o r  i s o l a t i o n  areas, i t  i s  sometimes poss ib le  t o  detect  
secondary i n f ra red  e f f e c t s  caused by the defects, by perform ng a complete 
scan o f  the  device t o  show abnormal heat ing patterns, i n  i s 0  a t i o n  regions 
o r  o ther  r e s i s t i v e  components. 
6.7 INTERNAL WIRE HEATING 
In te rna l  bonding w i re  heat ing may cause s u f f i c i e n t  f l e x i n g  o f  the  
wire,because o f  thermal expansion and cont rac t ion  dur ing pulsed operat ion 
o f  the d e v i c e ~ t o  r e s u l t  i n  fa t i gue  f a i l u r e  o f  the wire.  Subsequent t o  
f a i l u r e ,  the i n f r a r e d  mani festat ion o f  the defect  w i l l  disappear. 
However, t h i s  type o f  f a i l u r e  w i l l  genera l ly  r e s u l t  from a design defect, 
i n  t h a t  t he  w i r e  i s  not  s u f f i c i e n t l y  large f o r  the current  t h a t  i t  must 
conduct. Therefore, t he  observation of the extent  o f  heat ing and cool ing 
(on good devices of the  same const ruct ion)  a t  the midpoint o f  the  bonding 
w i re  dur ing pulsed operat ion w i l l  i nd ica te  whether the thermal f a t i gue  
i s  the responsible f a i l u r e  mechanism. The w i r e  heat ing and coo l ing  
measurements are, of course, made w i t h  in f ra red  techniques. 
6*8  CH IP CRACKS 
Cracks i n  the s i l i c o n  chip, r e s u l t i n g  from the sc r ib ing  and breaking 
operat ion or  any other  causes, may be detected by performing a complete 
scan o f  the device dur ing the  t ime it i s  being operated under vo l tage and 
cur ren t  condi t ions.  A crack i s  exh ib i ted  as a h igh rad ia t i on  region, 
probably because it acts  as a semi-black body since the w id th  o f  the 
crack i s  o f  much smal ler  magnitude than i t s  depth. The observable 
mani festat ion i s  an apparent high temperature region along the length o f  
the  crack. 
6.9 SUMMARY 
This  sect  on has described the in f ra red  techniques t h a t  can be 
u t i l i z e d  i n  the  analys is  o f  f a i l u r e s .  The 
procedures out1 ned u t i l i z e  e i t h e r  the  actual  fa i lu re ,  o r  
s i m i l a r  devices from the  same manufacturing per iod  
processing defect  i s  suspected. The types o f  semiconductor defects which 
have i n f r a r e d  manifestat ions are: 
i f  a design or 
a 
b. Surface invers ions 
c. Thin f i l m  cons t r i c t i ons  
d. Pinholes 
e. lnadeqitste in te rna l  bonding wires 
f. Semiconductor ch ip  cracks- 
The in f ra red  de tec t ion  procedures consis t  o f  e i t h e r  complete o r  l i n e  
scans o f  t he  device, a t  ra ted o r  above rated condi t ions dependent upon the 
type o f  defect  t h a t  i s  suspected o f  being thc  cause o f  f a i l u r e .  
Chip- to- header bond voids 
6.6 
V I  I - INFRARED MICROCIRCUIT SCREENING 
7.1 GENERAL 
During the course o f  t h i s  contract ,  the f e a s i b i l i t y  o f  incorporat ing 
a 100% inf rared screen i n t o  the conventional manufacturing f l ow  o f  
m i c r o c i r c u i t s  was evaluated. The considerat ions taken i n t o  account 
dur ing t h i s  eva lua t ion  included: 
a. The type o f  devices f o r  which in f ra red  screening would be 
feas ib le ,  
The type o f  screen t h a t  would be e f fec t i ve ,  b. 
c. Equipment l im i ta t i ons ,  
d. Economic feas i b i  1 i t y ,  
A l l  o f  the  above considerat ions a re  i n t e r r e l a t e d  and a re  discussed 
i n  more d e t a i l  i n  t he  fo l low ing  subsections. 
7 - 2  INFRARED SCREEN ING AS A FUNCT I ON OF 
D E V I C E  CONSTRUCTION AND END USE 
The cons t ruc t ion  o f  t he  device t h a t  i s  t o  be subjected t o  a 100% 
i n f r a r e d  screen i s  a pr imary f a c t o r  i n  the considerat ion o f  the type o f  
screen t h a t  would be most e f f e c t i v e .  
in tegrated c i r c u i t s ,  the  power d i s s i p a t i o n  o f  these devices i s  norr'nal l y  
very low, and unless the device contained some gross defect  t h a t  would 
probably be detected dur ing e l e c t r i c a l  measurement, an in f ra red  screen 
performed w i t h  the  maximum rated voltages app l ied  would probably not  
ind ica te  any defect  o ther  than meta l i za t ion  c o n s t r i c t i o n  defects.  
device were heated from the  bottom of the package, chip-to-header voids 
could be detected, but  i n  low power devices t h i s  type o f  defect  would no t  
In the  case o f  conventional d i g i t a l  
If the 
normal ly be s i g n i f i c a n t .  Heating the package bottom and measuring the 
temperature d i f f e r e n t i a l  between the bonding pad and the ch ip  may y i e l d  
informat ion about the  i n t e g r i t y  o f  the w i r e  bonds, but  as po inted out i n  
previous sections, the  re la t i onsh ip  between w i r e  bond i n t e g r i t y  and 
temperature d i f f e r e n t i a l s  has no t  been s u f f i c i e n t l y  cor re la ted .  I n  the 
case o f  some conventional l i n e a r  c i r c u i t s ,  and both LSI and M S I  
devices, the  power dens i t ies  i n  the  ch ip  (under maximum rated vol tages) 
a re  h igh  enough t o  y i e l d  s i g n i f i c a n t  in f ra red  ind ica t ions  o f  defects,  
Depending upon the  end use o f  the device, i n f r a r e d  screening may not  
be economical ly advisable even i f  i t  would increase the f i n a l  product 
r e l i a b i l i t y .  For example, i f  the device i s  t o  be u t i l i z e d  i n  an e a s i l y  
maintained ground based system where replacement can be r e a d i l y  accomplished, 
and down t ime i s  not  a c r i t i c a l  factor,  the cost o f  the screening may no t  
warrant i t s  use. On the other  hand, i f  the device were intended f o r  use 
i n  e i t h e r  a manned o r  unmanned space appl icat ion,  where maintenance and 
replacement i s  not reasonable, and where re1 i a b i  1 i t y  i s  imperative; o r  
i f  the device were intended f o r  a h igh re1 i a b i l  i t y  appl i c a t i o n  where 
maintenance and replacement could be performed but  on ly  a t  g rea t  expense 
and loss o f  c r i t i c a l  operat onal time, then the cost o f  i n f r a r e d  screening 
could be i ns ign i f i can t ,  i f  t were even on ly  p a r t i a l l y  e f f e c t i v e  i n  
removing devices which would subsequently f a i l  i n  use. 
7 - 3  TYPE OF INFRARED SCREEN 
Obviously the  type o f  in f ra red  screen one would p re fe r  t o  employ i s  
a screen t h a t  would dep ic t  a l l  defects  w i t h  i n f ra red  manifestat ions.  The 
manner i n  which t h i s  could be most e f f e c t i v e l y  implemented i s  t o  perform 
a complete scan of the device wh i l e  i t  i s  operat ing i n  f r e e  a i r  w i t h  the 
maximum o r  higher than maximum ra ted  voltages applied, provided i t  was 
f i r s t  determined t h a t  above maximum rated voltages would not  damage the 
device. This type o f  screen would be capable o f  de tec t ing  a l l  o f  the  
defects p rev ious ly  discussed i n  Sections v and V I o  
o f  data der ived from a 100% screening operat ion o f  t h i s  type on conventional 
in tegrated c i r c u i t s  would be too large f o r  manual in terpretat ion,  and the  
r a t e  o f  accumulation o f  t h i s  data w i t h  the ava i l ab le  instrumentat ion 
would requ i re  a p r o h i b i t i v e l y  long dura t ion  f o r  most product ion type 
devices. I n  the  case o f  LSI devices, where y i e l d s  are expected t o  be 
low, device costs high, and product ion quan t i t i es  small, a complete device 
scan and manual i n te rp re ta t i on  o f  the  data may be economical ly 
as t e c h n i c a l l y  feas ib le .  In  the  case o f  conventional in tegrated c i r c u i t s ,  
f as te r  scanning rates a t  h igh  reso lu t i on  ( S  0.3 t o  0.8 m i l s )  and 
computer o r ien ted  data analys is  procedures would be necessary t o  make 
complete device i n f r a r e d  scanning economically feas ib le .  The a l t e r n a t i v e  
t o  complete i n f r a r e d  scanning, w i t h  e x i s t i n g  equipment, i s  a programmable 
scan so arranged t h a t  the  c r i t i c a l  meta l i za t ion  pat terns (those t h a t  
conduct the h igh  currents  i n  the device and there fore  a re  most prone t o  
f a i l u r e  a t  cons t r i c t i ons )  and the  thermal gradients  across the device 
the quantity 
as w e l l  
ng voids 
mpressed vo l tage condi t ions.  This  type 
1. 
could be examined dur ing the r e s u l t i n g  from chip-to-header bond 
t ime the  ch ip  was operat ing under 
o f  scan i s  i l l u s t r a t e d  i n  F igure 7 
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FIGURE 7.1 - Example o f  programmable in f ra red  scan i l l u s t r a t i n g  the 
scans along the c r i t i c a l  meta l i za t ion  pat terns t o  
determine the existence o f  heating r e s u l t i n g  from 
constr ict ions,and diagonal scans t o  determine gradients  
across the ch ip  r e s u l t i n g  from ch ip  t o  header bond voids. 
on 
7 94 
The data r e s u l t i n g  from t h i s  type o f  scanning would ind ica te  r e l i a b i l i t y  
hazards i n  the  metal i z a t i o n  patterns, and i n  the chip-to-header bond. 
The data obtained could be processed i n  a comparator c i r c u i t  t h a t  re jec ted  
devices i f  the r a d i a t i o n  from any po in t  a long the  scan 
predetermined value based on both temperature and emiss v i t y  o f  the po in t  
from which the r a d i a t i o n  emanated dur ing scanning under constant imposed 
vo l tage condi t ions.  
ine exceeded a 
7.4 EQUIPMENT LIMITATIONS 
The e x i s t i n g  i n f r a r e d  de tec t ion  equipment i s  l i m i t e d  i n  t h a t  systems 
combining both the  scanning speed and the reso lu t i on  requi red f o r  complete 
scanning of conventional devices a1-e not  ava i l ab le *  
o r ien ted  systems f o r  r e a l  t ime comparison o f  the data der ived dur ing 
Also,  computer 
scanning have no t  been des igned. Therefore, i n f ra red  scann ing techn iques 
a re  l i m i t e d  t o  p a r t i a l  scanning o f  h igh volume product ion type devices, 
because the t ime required t o  perform a complete scan and perform manual 
data analys is  i s  p r o h i b i t i v e .  For small volume, h igh cost  LSI devices, 
the  slow scanning rates and manual i n te rp re ta t i on  o f  the data may be 
acceptable, a l though the ef fect iveness o f  the procedure would be enhanced 
by f a s t e r  scanning rates and computer o r ien ted  data processing techniques. 
7.5 ECONOMIC FEASIBILITY 
in-process 100% in f ra red  screening i s  t echn ica l l y  f eas ib le  and has 
been demonstrated dur ing the  course o f  t h i s  cont rac t  as an e f f e c t i v e  
technique f o r  the de tec t ion  o f  many semiconductor f a i l u r e  mechanisms. 
Whether the procedure i s  economically f eas ib le  depends not on ly  upon the 
o v e r a l l  cost  o f  the screen, but a l so  on the extent  o f  the cost reduct ion 
i n  subsequent screening and e l e c t r i c a l  t e s t i n g  r e s u l t i n g  from the 
r e j e c t i o n  o f  p o t e n t i a l  defects dur ing the  in f ra red  evaluation, and the 
economic bene f i t s  der ived from the increased r e l i a b i l  i t y  o f  the f i n a l  
product. For example, t o  perform a complete in f rared scan o f  an LSI 
device ( 5  100 x 100 m i l  ch ip)  w i t h  the Ph i l co  Thermal P lo t te r ,  u t i l i z i n g  
the 0.3 m i l  r eso lu t i on  system would requ i re  approximately 15 minutes o f  
2 
technic ian t ime f o r  scannning, and data evaluation, but  the i n f r a r e d  
screen can detect  meta l i za t ion  c o n s t r i c t i o n  defects  which would not  be 
detected dur ing e l e c t r i c a l  t e s t  o r  v i s u a l  inspection. Wi th  some LSI 
devices, i t  i s  very poss ib le  t h a t  physical,  and e l e c t r i c a l  screening 
could consume an equivalent amount o f  t ime; therefore, t o  the  extent  t h a t  
t he  i n f ra red  screen re jec ts  devices which are  re1 i a b i l  i t y  hazards it i s  
economical ly f eas ib le  because the  screening required on these devices i f  
they were not  re jec ted  a t  the i n f r a r e d  screen would be equivalent t o  the 
i n f ra red  screening costs. 
As device complexity and ch ip  s izes a re  reduced t o  the leve l  and 
s i ze  o f  conventional integrated c i r c u i t s ,  the i n f r a r e d  scanning t ime 
requi red t o  scan the  e n t i r e  device i s  a l s o  reduced, but so a l s o  i s  the 
conventional screening and e l e c t r i c a l  t e s t i n g  t ime. Whether 100% 
in f ra red  screening would be economically f eas ib le  f o r  conventional d i g i t a l  
in tegrated c i r c u i t s ,  i f  the e n t i r e  device were scanned, i s  questionable, 
because such scanning and analys is  of the r e s u l t i n g  data would represent 
an appreciable increase i n  the amount o f  t e s t i n g  t ime expended on such a 
device. However, i f  the i n f r a r e d  scanning were performed on a programmed 
7 -6 
scanning basis as indicated in Section 7 . 3 ,  the required amount of 
scanning and the comparison of the- infrared data could be accomplished in 
probably less than a minute, and one of the primary failure modes 
(;.e. open metalization patterns) could virtua ly be eliminated. The 
programmed scan technique would also permit an evaluation of the integrity 
of the chip-to-header bond, and although this 
with conventional digital microcircuits, it could be of value in 
el iminat ing a potential failure mechanism from conventional 1 inear 
integrated c i rcu its. 
s not normally a problem 
7.6 SUMMARY 
It i s  our opinion that 100% infrared screening would be economically 
and technically feasible for LSI and M S I  devices. The screen should 
be performed after wire bonding, prior to final visual inspection, and 
should consist of a complete scan of the device while it is operating 
under appl ied maximum rated voltages. The advantage of  such a screen is 
that it would be capable of rejecting devices that are potential 
reliability hazards 
physical and electrical screening. It is a l so  our opinion that 100% 
infrared screening of conventional integrated circuits is technically 
feasible, but may not be economically feasible because o f  current infrared 
that would not be detected during conventional 
or resolution problems, and the difficulty 
the device 
integrated 
y feasible, 
data obtained if complete scans of 
programed scanning of convent iona 
y technically, but also economical 
equipment scanning speeds 
incurred in analyzing the 
were performed. However, 
circuits should be not on 
7.7 
convent 
the dev 
v i sua l  
and would v i r t u a l l y  e l im ina te  open meta l i za t i on  d i f f i c u l t i e s  and 
prov ide a method f o r  assuring the i n t e g r i t y  o f  the chip-to-header bond 
i n  conventional 1 inear in tegrated c i r c u i t s  where voids could r e s u l t  i n  
operat ional  d i f f  i c u l  t ies e In the case o f  programmed scanning o f  
onal in tegrated c i r c u i t s ,  the  scans should be performed w i t h  
ce d i s s i p a t i n g  power t o  f r e e  a i r ,  j u s t  p r i o r  t o  f i n a l  preseal 
nspection. 
V I I I - CONCLUS IONS AND RECOMMENDAT IONS 
8.1 GENERAL 
The work performed during the course of this contract indicated 
that infrared evaluation techniques can be effectively appl ied to 
the qual ification, failure analysis, and screening of semiconductor 
devices, in general, and specifically to integrated silicon microcircuits 
of complexity varying from conventional integrated dev ces to LSI 
devices. The basic techniques developed to depict the infrared 
manifestations of potential reliability hazards of sem conductor devices 
are generally applicable to any type of construction and can be 
uti1 ized with only 
failure analysis, .or 100% in-process screening. 
slight variations as an approach to qualification, 
8 - 2  CONCLUS I ONS 
8.2.1 Infrared Manifestations of Potential Failure Mechanisms 
Because metalization and wire bond failures represent approximately 
60% of the total failures of microcircuit devices reported in published 
literature, probably the most significant discovery during the course 
8.1 
o f  t h i s  contract  was t h e v e r i f i c a t i o n  t h a t  me ta l i za t i on  c o n s t r i c t i o n s  
e x h i b i t  an i d e n t i f i a b l e  i n f ra red  manifestat ion when current  dens i t i es  a t  
t he  c o n s t r i c t i o n  approach 1 x lo6 amperes/cm*, and t h a t  there may be a 
cort-elat  ion between the temperature gradient found between a w i re  bonding 
pad and the w i re  t o  t h a t  pad w i t h  the i n t e g r i t y  o f  the bond. 
which were found t o  e x h i b i t  i n f ra red  manifestat ions were: 
Other defects 
a. chip-to-header bond voids, 
b. c e r t a i n  photo1 i thographic defects, 
c. poo r l y  assembled vias between b i l a y e r  metal i z a t  ion patterns, 
d. cracked semiconductor d ice, and 
e. improperly designed bonding wires. 
A1 1 o f  the  above defects a re  i d e n t i f i a b l e  through the u t  i l  i z a t i o n  
o f  i n f r a r e d  de tec t i ng  procedures,and the i n f ra red  manifestat  ions can be 
u t i l i z e d  as a t o o l  f o r  design evaluat ion or f a i l u r e  analys is .  
8.2.2 Packaq i n g  
'infrared evaluat ions made o f  s ing le -  and mu l t i p le -ch ip  packaging 
arrangements indicated t h a t  i f  mu l t i p le -ch ip  assemblies were u t i l i z e d  the 
t o t a l  permiss ib le  power d i s s i p a t i o n  i n  the  package could be increased over 
the power t h a t  can be s a f e l y  d iss ipated i f  only  a s ing le-ch ip were used 
i n  the  same package. 
from mu l t i p le -ch ip  packaging i s  a t t r i b u t e d  t o  the more e f f e c t i v e  useof t he  
heat s i n k  af forded by the package base by d i s t r i b u t i n g  the heat sources 
( the s i  1 icon chips) t o  minimize the loca l  i z a t  ion o f  power d i ss ipa t i on .  
The higher permiss i b l e  package d i s s  i p a t  ions r e s u l t i n g  
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8.2.3 Optimum Scanninq Condit ions 
Evaluat ions were performed to-  determine the  optimum i n f r a r e d  
scanning condit ions, cons is tent  w i t h  the ava i l ab le  in f ra red  instrumentat ion.  
These evaluat ions showed t h a t  the  maximum thermal gradients occur across 
the  ch ip  s h o r t l y  a f t e r  the  app l i ca t i on  o f  power t o  a device, but  t h a t  
r a t e  o f  thermal response was so r a p i d  t h a t  i t  was impossible w i t h  the  
ava i l ab le  equipment t o  scan a device dur ing  the  t i m e  the gradients  were 
atmaximum. A f t e r  examining t h i s  data it was determined t h a t  t he  s i n g l e  
a l t e r n a t i v e  was t o  perform , the scanning on ly  a f t e r  thermal e q u i l  ibr ium 
was achieved (approximately 5 minutes a f t e r  the a p p l i c a t i o n  o f  power) 
t o  preclude changes i n  the thermal gradients across the device dur ing 
the t ime the scan was being performed. 
8.2.4 Comparison o f  E l e c t r i c a l l y  Good and E l e c t r i c a l l y  Defect ive Devices 
Color modulated threshold d isp lays o f  the  i n f r a r e d  cha rac te r i s t i cs  
of e l e c t r i c a l l y  good and de fec t ive  devices o f  the  same cons t ruc t ion  were 
generated. These d isp lays were compared and i t  was evident f r o m  a 
super f i c i a l  examinat ion t h a t  approximately o n e  h a l f  o f  the  de fec t i ve  
devices exh ib i ted  e n t i r e l y  d i f f e r e n t  in f ra red  c h a r a c t e r i s t i c s  from the  
e l e c t r i c a l l y  good devices. The in f ra red  data taken from the  remaining 
de fec t i ve  devices,when compared w i t h  the scans from the e l e c t r i c a l l y  
good devices, showed e i t h e r  very subt le  o r  no d is t ingu ishab le  d i f fe rences  
t h a t  would character ize the devices as f a i  ures. I n  some o f  the e l e c t r i c a l  
defects it was poss ib le  t o  d i s t i n g u i s h  the area o f  the device responsible 
fo r  fa i lu re ,  but  t h i s  type o f  i n f ra red  man f e s t a t i o n  was not  prominent. 
8.3 RECOMMENDATIONS 
Because there i s  no e f f e c t i v e  nondestruct ive screen f o r  poor w i re  
bonds which a re  the cause o f  approximately 30% o f  the t o t a l  reported 
semiconductor fa i lu res ,  and the  data presented i n  t h i s  repor t  ind icates 
a poss ib le  c o r r e l a t i o n  between bond i n t e g r i t y  and measurable i n f r a r e d  
charac ter is t i cs ,  we recommend t h a t  f u r t h e r  work be performed i n  t h i s  area 
t o  d e f i n i t e l y  e s t a b l i s h  the  existence o f  t h i s  co r re la t i on .  In  add i t i on  t o  
the  immediate r e l i a b i l i t y  benef i t s  der ived from being able t o  screen 
de fec t i ve  bonds, the  generation o f  an e f f e c t i v e  nondestruct ive bond screening 
technique would permi t  the complete evaluat ion o f  the fac to rs  
which r e s u l t  i n  poor bonds and thereby a i d  i n  the development o f  processing 
procedures t o  e l im ina te  poor bonding prac t ices .  
One o f  the  bas i c  problems 1 i m i t  ing the  i n te rp re ta t  ion o f  i n f r a r e d  
data i s  the  vary ing emiss i v i t y  o f  the semiconductor surface. The 
inves t i ga t i on  and development o f  a technique, other than the  use o f  
em iss i v i t y  leve l  ing pa in ts  o r  compounds, t o  compensate f o r  em iss i v i t y  
d I f f e  rences 
scanning speeds, would simp1 i f y  manual i n te rp re ta t  ion o f  i n f r a r e d  
der ived data. 
w i t h  computerized o r  other automate'd data analys is  procedures. It would 
therefore make i n f r a r e d  a much more a t t r a c t i v e  and accurate t o o l  f o r  use 
i n  the  evaluat ion o f  semiconductor devices. 
w it hout sacr i f i c  i ng reso 1 u t  i on, temperature sens i t i v i t y  or 
This  would a l s o  e l  iminate many o f  the d i f fe rences  associated 
Our f i n a l  recommendation i s  t h a t  the i n f r a r e d  procedures developed 
and evaluated as p a r t  o f  t h i s  contract  be subjected t o  f u r t h e r  
v e r i f i c a t i o n  w i t h  much la rger  sample s izes than were poss ib le  dur ing  t h i s  
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cont rac t  because o f  funding and t ime l i m i t a t i o n s  and the  u n a v a i l a b i l i t y  o f  
devices w i t h  c e r t a i n  in f rared observable defects .  
8.4 SUMMARY 
The i n f r a r e d  techniques developed and evaluated as p a r t  of  t h i s  
cont rac t  a re  appl icable t o  a l l  semiconductor types, and the app l i ca t i on  
o f  the  techniques should enhance the  o v e r a l l  r e l i a b i l i t y  o f  semiconductor 
devices. The techniques described are espec ia l l y  app l i cab le  t o  the  
evaluat ion o f  meta l i za t ion  pat terns because they can detect  p o t e n t i a l  
metal i z a t  ion f a i l u r e  causing mechanisms t h a t  cannot normal ly be observed 
w i t h  standard e l e c t r i c a l  measurements o r  phys ica l  screens p r i o r  t o  
f a i l u r e .  The meta l i za t ion  evaluat ion can be performed e i t h e r  dur ing  a 
design evaluat ion t o  co r rec t  a de fec t ive  design, or dur ing i n f ra red  i n -  
process screening t o  remove p o t e n t i a l l y  de fec t i ve  devices. The o v e r a l l  
a p p l i c a b i l i t y  o f  the  techniques reported w i l l  be o f  p a r t i c u l a r  value in 
the  evaluat ion o f  devices t h a t  operate w i t h  h igh ch ip  power dens i t i es  
such as l i n e a r  c i r c u i t  and LSI o r  M S I  devices. I n  LSI o r .  
MS I c i r c u i t s ,  defects  which r e s u l t  i n  thermal de f i c ienc ies  w i l l  be 
much more c r i t i c a l  than the same defect  i n  a conventional d i g i t a l  s i l i c o n  
m i c r o c i r c u i t  because conventional integrated c i r c u i t s  normal ly operate a t  
r e l a t i v e l y  low d i ss  ipa t  ion leve ls  where operat ing temperatures a re  not  o f  much 
concern. 
d e s t r u c t i v e l y  screen p o t e n t i a l  w i re  bond fa i l u res ,  a l though more e f f o r t  
i s  requi red i n  t h i s  area. The data obtained concerning the  e f f e c t  o f  
mu l t ip le -ch ip  packaging on t he  operat ing temperature o f  devices should 
The techniques a l s o  show promise o f  being ab le  t o  non- 
be o f  assistance i n  the design o f  m u l t i p l e  ch ip  LSI  o r  M S I  devices. 
Although not  prev ious ly  s p e c i f i c a l l y  mentioned i n  t h i s  report,  a l l  o f  
the techniques spec i f i ed  are appl icable a l s o  t o  hybr id type devices. 
I t i s  our op in ion t h a t  the data presented i n  t h i s  repor t  should be o f  
s i g n i f i c a n t  value i n  both the  design and evaluat ion o f  a l l  types of 
semiconductor devices, and t h a t  t he  spec i f i ed  procedures, i f  appl ied, 
should enhance re1 i a b i l  i t y  and r e s u l t  i n  improved processing o f  a l l  
semiconductor types. 
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